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Abstract

This dissertation is the result of the combination of three manuscripts. The first manuscript is
a comprehensive account of the content and design of a modern socio-scientific exhibition on
the energy transition, on which this dissertation is based and in the development of which the
author of this dissertation acted as chief curator. The energy transition is an extremely urgent
and complex societal undertaking away from a fossil fuel-based energy system towards a more
sustainable energy system to mitigate climate change and resource scarcity. This manuscript
provides curators’ insights into how modern socio-scientific exhibitions on such urgent topics
can be developed in a systematic and theory-driven manner, and forms the basis for linking
the research findings of the subsequent studies back to this highly complex and rich learning
experience. These relatively new types of exhibitions can be expected to have great potential
to complement formal education in preparing students to engage with the complex socio-
scientific issues that define the challenges they will face in their lifetimes. The second and third
manuscripts examine the extent to which this modern socio-scientific exhibition helped
students develop their critical energy literacy, a complex construct that should help students
become able and willing to engage with energy-related issues in ways that support the broader
goals of a global energy transition. The second manuscript focuses on how students” cognitive-
affective domain of their critical energy literacy developed after their exhibition visit while the
third manuscript concentrates on the development of the behavioral domain of students” critical
energy literacy. These two manuscripts drawing on different features of the exhibition and
targeting different areas of critical energy literacy, both provide evidence that the exhibition did
indeed have a positive impact on students' critical energy literacy in a progressive Vision I1/-llI
sense. In addition, the second and third manuscripts also investigate the extent to which the
observed changes in students' critical energy literacy depend on students' prior conceptual
knowledge about energy and their interest in the topic of the energy transition. Thus, these
manuscripts bridge the gap between formal and informal education as they examine the extent
to which foundational elements of energy literacy, like conceptual energy knowledge and topic
interest, as they are currently addressed mostly in formal education, influence students'
development of a progressive agential critical energy literacy, in a holistic socio-scientific
learning environment. Both studies found that students' prior conceptual knowledge of energy,
but not students' prior interest in the topic, had a positive influence on students’ critical energy
literacy after their exhibition visit. Additionally, the second manuscript identified a rather low
level of conceptual energy knowledge as a necessary condition for the observed development
of students’ cognitive-affective critical energy literacy. Overall, this dissertation adds to the
research base on how combining the inherent strengths of informal and formal learning sites
can help students meet the challenges of the 21 century
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Zusammenfassung

Diese Dissertation basiert auf drei Manuskripten. Das erste beschreibt die Konzeption einer
modernen sozialwissenschaftlichen Ausstellung zum drdngenden gesamtgesellschaftlichen
Prozess der Energiewende und gibt Einblicke, wie solche Ausstellungen systematisch und
theoriegeleitet entwickelt werden kdnnen. Es bildet die Grundlage fur die Riickbindung der
folgenden Forschungsergebnisse an dieses hochkomplexe und reichhaltige Lernangebot, an
dessen Entstehung die Autorin dieser Dissertation als leitende Kuratorin beteiligt war. Diese
relativ neue Ausstellungsform hat theoretisch grol3es Potenzial, formale Bildung in der
Befahigung von Schiler:innen zu unterstitzen, sich mit komplexen, fur sie hochgradig
relevanten sozio-wissenschaftlichen Herausforderungen auseinanderzusetzen. Im zweiten
und dritten Manuskript wird deswegen untersucht, inwieweit die Ausstellung Schiler:innen
geholfen hat, die kognitiv-affektiven und behavioralen Bereiche ihrer kritischen
Energiekompetenz zu entwickeln, die sie befahigen soll, sich mit energiebezogenen Themen
in einer Weise auseinanderzusetzen, die die umfassenderen Ziele einer globalen
Energiewende unterstitzt. Diese Manuskripte, die sich auf verschiedene Merkmale der
Ausstellung stitzen und auf unterschiedliche Bereiche der Energiekompetenz abzielen, liefern
beide Belege dafiir, dass die Ausstellung einen positiven Einfluss auf die Energiekompetenz
der Schiler:innen im Sinne einer progressiven Vision Il/-lll scientific literacy hatte. Darlber
hinaus wird im zweiten und dritten Manuskript untersucht, inwieweit die beobachtete
Weiterentwicklung der kritischen Energiekompetenz vom konzeptuellen energiebezogenen
Vorwissen der Schiiler:innen und ihrem Interesse am Thema Energiewende abhangen. Durch
diese Verbindung formaler und informeller Bildung lasst sich darstellen, inwieweit
grundlegendere Elemente von Energiekompetenz, wie konzeptuelles Energiewissen und
thematisches Interesse, wie sie derzeit vorwiegend in der formalen Bildung adressiert werden,
die Entwicklung einer progressiven, handlungsorientierten Energiekompetenz der
Schiler:innen in einer ganzheitlichen sozio-wissenschaftlichen Lernumgebung beeinflussen.
Beide Studien deckten auf, dass das konzeptuelle Vorwissen der Schiler:innen, nicht aber ihr
Vorinteresse, die Entwicklung einer kritischen Energiekompetenz durch die Ausstellung
begilnstigte. Im zweiten Manuskript zeigte sich zudem, dass bereits ein geringes
konzeptuelles Energiewissen als notwendige Voraussetzung fur die Entwicklung der kognitiv-
affektiven kritischen Energiekompetenz der Schiler durch die Ausstellung ausreichte.
Insgesamt leistet diese Dissertation einen Beitrag zur Forschungsbasis dariber, wie die
Kombination der inharenten Starken informeller und formaler Lernorte Schiler:innen dabei

unterstiitzen kann, die Herausforderungen des 21'*" Jahrhunderts zu meistern.
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Included Publications

This dissertation is the culmination of three manuscripts, two of which have been published in
international peer-reviewed journals, and the third of which is currently being submitted for
publication. The author of this dissertation is the first author of all three articles and played a
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forms the basis for linking the research findings of the subsequent studies back to this highly
complex and rich learning experience. Dr. Christina Newinger contributed significantly to its
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promoting the cognitive-affective domain of critical energy literacy through a modern socio-
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1.Introduction

We live in a world of great uncertainty, facing serious environmental and socio-economic crises
such as climate change, resource scarcity, pollution, or biodiversity loss (United Nations,
2021), with all their implications for the health of our planet and its inhabitants. To address
these challenges, the United Nations General Assembly (United Nations, 2015) identified
seventeen major global goals, called the Sustainable Development Goals (SDGs), with the
aim “to secure a sustainable, peaceful, prosperous and equitable life on earth for everyone
now and in the future” (Rieckmann, 2017, p. 5). These goals are not only extremely important
to achieve, but also very urgent in terms of time, as scientists have repeatedly emphasized the
urgency of adequately addressing and mitigating climate change and their serious concern to
keep global temperature rise below 2°C of warming (Future Earth, 2020, p. i). The extent to
which (and how quickly) these goals can be achieved will largely depend on today's education
(Schleicher, 2018, p. 227) and how it prepares students to “take advantage of science in the
generation of adaptative, resilient, and sustainable responses to unpredictable changes of
today” (Valladares, 2021, p. 582). But although various educational movements and
frameworks address the need to help students become scientifically literate in ways that
enables them to engage with and act on these challenges, there are continuous but competing
visions of what such a scientific literacy should entail, when it comes to teaching science in
school (e.g. Roberts, 2007, Valladares, 2021).

Critical energy literacy can be placed at the progressive end of this scientific literacy
continuum and can be identified as an important educational goal as societies worldwide seek
to mitigate climate change by implementing an energy transition away from a fossil fueled
energy system towards a sustainable energy system. As there are different conceptualizations
of energy literacy, this dissertation first examines which elements of critical energy literacy
appear to be paramount for students to be able and willing to participate in a global energy
transition, and then explores how learning opportunities should theoretically be designed to
holistically promote these elements. In doing so, this dissertation extends the insights of the
Socio-scientific Issue Framework (SSI), which emphasizes perspective-taking and socio-
scientific reasoning (Presley et al., 2013, Sadler et al., 2016) by integrating "identity work"
(Calabrese Barton et al., 2013) as a process that theoretically promotes pro-environmental
behavior (Stapleton, 2015). Thus, this dissertation aims to advance the adequacy of SSI-
learning environments for fostering students' critical scientific literacy toward the most
progressive end of the scientific literacy continuum, which strongly includes fostering students'
sense of agency. However, although science education aims to equip students with
competencies to guide their learning and decision-making outside of school and to meet the

existing challenges of the 21° century (Reimers & Chung, 2016), it largely emphasizes the
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acquisition of conceptual knowledge and mostly revolves around separate domains (OECD,
2019), placing current formal education mostly at the more conservative end of the scientific
literacy continuum (Osborne, 2007; Hodson, 2020).

Recently, parallel perceptions and movements in the museum sector have culminated
in so-called "critical" or "agential" exhibitions (Pedretti & Navas lannini, 2020a), which aim to
provide visitors with critical insight into controversial or socio-scientific issues and increasingly
tend to address visitors as the agents of change they might become (Navas lannini & Pedretti,
2022, p. 60). Since these types of exhibitions tend to overlap and both reflect, albeit to different
degrees, what the SSI-movement has been advocating for the past several decades (Zeidler
et al., 2019) this dissertation refers to them as modern socio-scientific exhibitions (modern SSI-
exhibitions). In addition, these exhibitions provide visitors with great opportunities for identity
work (Rounds, 2006) due to the free-choice learning that takes place in them and should
therefore have an overall positive effect on students' critical scientific literacy. For these
promising learning environments to reach their full potential, however, they must be conceived
and designed in a theory-driven manner. The first manuscript on which this dissertation is
based illustrates what such a purposeful design might look like. In order to test this
hypothesized potential, this dissertation project then examines the extent to which such a
modern SSl-exhibition on the energy transition has a positive effect on students' critical energy.

Because free-choice learning in any exhibition is highly dependent on visitors' prior
knowledge and interests (Falk & Storcksdieck, 2005; Falk et al., 2011), this dissertation also
examines the extent to which students' prior conceptual knowledge of energy and interest in
the topic of the energy transition influence changes in students' critical energy literacy through
a visit to a modern SSl-exhibition on the energy transition. By including both students' prior
conceptual knowledge of energy and their interest in the topic of the energy transition as
independent variables, this dissertation attempts to 1) bridge the gap between formal and
informal education and also 2) examine the extent to which more foundational elements of
energy literacy like conceptual energy knowledge and topic interest, as they are currently
mostly addressed in formal education, influence students' development of a progressive critical
energy literacy that includes critical evaluation and agency. In doing so, this dissertation project
aims to add to the research base on the extent to which school-based knowledge and interests
help students navigate complex SSl-learning environments, and how combining the inherent
strengths of informal and formal learning sites can help students meet the challenges of the

21 century.



2.Preparing Students for 215 Century Challenges

This section shows how science education is continually asking what scientific literacy, the
overarching goal of science education, must encompass. Upon this question and its answer
hinges what science education focuses on when equipping students with what they need to
know and be able to do to meet the 21 century challenges they will inevitably face in their
lives. With and around these progressing visions of scientific literacy, various educational
movements have developed in order to integrate these visions into science teaching and

learning.

2.1 The Continuum of Scientific Literacy

The overarching goal of science education is to help students to become scientific literate;
however, scientific literacy is a theoretical construct that has been and continues to be widely
interpreted and defined (Hodson, 2003; Roberts, 2007; Valladares, 2021). These
interpretations have influenced approaches to science education, from a focus on the
transmission of scientific concepts to stressing the impact of science and technology on society
and, more recently, to "the role of science as a tool for social change" (Valladares, 2021, p.
558).

A comprehensive review of the different interpretations of scientific literacy led Roberts
(2007) to use the term as “a way of framing outcomes for science education” (Romine et al.,
2017, p. 275) into two main visions of scientific literacy. These outcomes were either defined
by the science disciplines themselves, meaning that science education should help students
develop a better understanding of the scientific concepts and competencies important to those
disciplines. Roberts called this the “Vision I” of scientific literacy (Roberts, 2007). Here,
students are envisioned to become interested and competent in science and technology, with
the primary goal of leading them to careers in the STEM sector. However, this vision has also
been criticized for perpetuating a technocratic and economic mindset too inflexible and at risk
of becoming outdated when students actually enter a rapidly changing world of work (Smith &
Watson, 2018).

In the second major vision of scientific literacy (Vision Il) students are to engage with
scientific ideas and practices in meaningful societal contexts that are either related to or
influenced by science in order to help them understand the usefulness of scientific knowledge
in everyone's lives. These two visions form a continuum from the "cannon of orthodox science"
(Roberts, 2007, p. 730) i.e. Vision | scientific literacy, which provides students with scientific
facts and concepts, to the provision of learning opportunities revolving around every day and
contextualized scientific and technological issues, i.e. Vision Il scientific literacy, which leads
to "a broad and critical understanding of the nature of science and its socio-political contexts

and aspects of citizenship" (Pedretti & Navas lannini, 2020a, pp. 15-16).



It has been advocated to extend this continuum even further to meet the demands of
sustainable citizenship and active engagement in the challenges of the 215 century, where
“[...] active participation and dialogue among all citizens on complex issues are needed [...]"
(Liu, 2013, p. 27). This third vision of scientific literacy (Vision Ill) involves greater social
engagement and civic impact - aiming at socio-political action (Sjéstrom & Eilks, 2018) and
emphasizing "knowing-in-action" (Aikenhead, 2006). Ultimately, this Vision Il scientific literacy
corresponds to what Hodson (2003; 2009) called critical scientific literacy, which aims at “the
clarification of problems and negotiation of possible solutions through open, critical dialogue
and active participation in democratic mechanisms for effecting change” (Hudson 2003, pp.
653-654).

In summary, the role of students (in education and in the world) is perceived very
differently in these three versions: students in Vision | develop their skills to prepare for science
careers and are thus "pure science learners" (Liu, 2013, p. 29). In Vision Il they engage with
science to solve technological and societal problems but remain "science advocates" (Liu,
2013, p. 29). Finally, in Vision Il they are "honest brokers" (Liu, 2013, p. 29) seeking the best
possible solutions to complex social, cultural, political, and environmental problems
(Valladares, 2021, p. 566).

2.2 The Necessity for Science in Context

Each vision of scientific literacy inspires different educational movements, curricular proposals,
didactic strategies, and pedagogical approaches, as well as teacher training and student
assessment (Roberts & Bybee, 2014), which to some extent coexist in formal and informal
education (Pedretti & Navas lannini, 2020a). At the same time, as visions, practice, and
research constantly influence each other, the resulting movements themselves feed back into
the ongoing discussion of educational goals and strategies. In a simplified way, one could
speak of a development of science education along the continuum of scientific literacy, from
traditional disciplinary and subject-specific education to the connection between science and
society (i.e. STS, Science, Technology and Society) and interdisciplinary science subjects
(STEM, Science, Technology, Engineering and Mathematics), to the incorporation of the
multidisciplinary field of Education for Sustainable Development (EfS, ESD, ESDG) (Gamage
etal., 2022) in order to promote scientific literacy in the most progressive sense. In other words,
“the STEM disciplines are called upon to participate in the social process of searching,
learning, and shaping with the aim of solving global sustainability issues and to critically reflect
on their contribution to (non-) sustainable developments (Pahnke et al., 2019, p. 4).
Promising educational structures for this are provided by the so-called Science-in-
Context (SinC) field including Science, Technology, Society, and Environment (STSE), SaQ
Socially Acute Questions (SAQ) and the Socio-scientific Issue Framework (SSI) (Bencze et

al., 2020). With SSI integrating an understanding of science content in the context of real-world
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socio-scientific issues and providing a clear theoretical framework (Zeidler et al., 2005; 2017)
and a defined model for teaching and learning (Presley et al., 2013; Sadler et al., 2016) to help
students become responsible “global citizens” (Kahn & Zeidler, 2017, pp. 261).

However, despite these goals and trends, Hodson noted just a few years ago that "our
current educational priorities are [still] hopelessly misplaced, [and] inadequate to the task of
preparing students for responsible and active citizenship" (Hodson, 2020, p. 597), with ever
too much emphasis placed on detailed learning outcomes, teacher-centered pedagogy, and
testing for "so-called standards” (ibid.). With regard to contemporary curricula and practices in
science education for the 215 century, Osborne also argues that current science education is
(still) focused on educating future scientists rather than future citizens (Osborne, 2007), and
Bencze et al. (2020) note that despite the existence of more holistic science education
movements (e.g., SinC), trends in STEM education that strongly prioritize teaching and
learning in a V-1 scientific literacy sense are regaining momentum in educational frameworks
and are significantly compromising students' education in a Vision Il/-Ill SL sense (Bencze et
al., 2020, p. 847). In the face of such "threats" (Bencze et al., 2020, p. 847), the implementation
of Vision Il/-Ill scientific literacy in students' educational environments needs further research
and support. The present dissertation therefore focuses on one particular critical scientific
literacy, namely that of energy literacy, and how it can be supported through a combination of

formal and informal learning environments.

3.Energy Literacy

Examples of scientific literacies at the progressive end of the literacy continuum are
environmental literacy itself (e.g. McBride et al., 2013) climate literacy (e.g. Choi et al., 2021),
and energy literacy (see Section 3.2). These literacies have included a behavioral dimension
and the goal of motivating students to act sustainably from the earliest conceptualizations of
environmental literacy in the 1990s (Chen et al., 2015, p. 202) and have always been the
subject of science education and environmental education. Their inherent strong action
component is more important today than ever as societies are globally trying to mitigate climate
change by implementing an energy transition away from fossil fuels to sustainable energy

sources.

3.1 The Energy Transition

A global energy transition is urgently needed to address climate change and increasing
resource scarcity, two of the greatest challenges of the 215 century (United Nations 2021;
World Economic Forum, 2021). The goal of this energy transition is to move away from fossil
fuels toward low-carbon energy sources, greater energy efficiency, and energy conservation.

Thereby, the transition inherently needs to address economic, environmental, and social equity
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(Burke & Stephens, 2017; Miller et al. 2013) to create an overall sustainable energy system.
However, such a transition involves complex, lengthy, and far-reaching political, economic,
scientific, and societal changes and requires the active participation of a wide range of actors
(International Renewable Energy Agency, 2021; Miller et al., 2013; United Nations
Environment Programme, 2019). Therefore, the energy transition can be identified as a socio-
scientific issue (SSI) that involves “social dilemmas with conceptual or technological links to
science” (Sadler, 2004, p. 513), where different perspectives must be considered and where
“conclusions and courses of action are underdetermined by scientific evidence” (Sadler et al.,
2016, p. 75). This not only qualifies the energy transition as a socio-scientific issue, it also
means that the energy transition must be understood as an open process that needs to be
shaped by actors from all sectors of society (Steg et al., 2016), weighing the pros and cons of
different solutions in different contexts.

Considering that these actors are not only representatives of industry and science,
politics and interest groups, but also people with personal values and attitudes towards the
issue, it becomes clear that a global energy transition ultimately depends on the ability and
willingness of each individual to engage with the energy transition and to act in ways that
promote its goals (McCaffrey et al., 2012; Sanz-Hernandez, 2020). Educating students to
become energy literate citizens who are 1) able to engage with this pressing socio-scientific
issue, 2) able to make informed energy-related decisions, and 3) willing to ultimately act in
energy-conscious ways (e.g., Lowan-Trudeau & Fowler, 2021; U.S. Department of Energy,
2017) is therefore essential. This role of education in helping students become "productive
citizens in national energy policy debates and actions" (Liu & Park, 2014, p. 182) is reflected
in the emphasis many education standards place on the importance of energy and energy
literacy (e.g., Kultusministerkonferenz, 2005; NGSS Lead States, 2013), as well as various

studies and recently published reviews on the topic (Gladwin & Ellis, 2023; Martin et al., 2020).

3.2 Defining Energy Literacy

Energy with its dependencies and impacts, is at the heart of many 21t century challenges.
Therefore, the energy transition spans no less than five Sustainable Development Goals
(namely SDG 7 Affordable and Clean Energy, SDG 9 Industry, Innovation and Infrastructure,
SDG 11 Sustainable Cities and Communities, SDG 12 Responsible Consumption and
Production, and SDG 13 Climate Action; for more information see Rieckmann, 2017). Yet
despite its centrality and the fact that energy literacy has indeed received increasing attention
in the last decades, an ultimate definition remains elusive (Gladwin & Ellis, 2023).

The best-known work on energy literacy was done by DeWaters and Powers, whose
description and instruments (DeWaters et al., 2013; DeWaters & Powers, 2009, 2011, 2012)
have been used worldwide for studies regarding the energy literacy of middle school students

(Akitsu et al., 2017; Lee et al., 2015; Lee et al., 2022). The two authors describe an energy
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literate person as someone with a basic understanding of the concept of energy, that has ideas
about the impact that energy production and consumption have on the environment, and that
ultimately arrives at energy saving behavior through critical thinking and evaluation. The U.S.
Department of Energy outlines energy literacy as "an understanding of the nature and role of
energy in the universe and in our daily life" (U.S. Department of Energy, 2017, p. 1), as well
as the ability to apply that understanding to answer questions and solve problems but also
stresses very concrete knowledge and skills when it describes an energy literate person as
someone who knows (accurately) "how much energy" they use and how to "trace energy flows"
(U.S. Department of Energy, 2017, p. 1). In addition, a group of scholars stresses the
relationship between energy literacy and financial literacy (Blasch et al. 2018; Brounen et al.,
2013; Kalmi et al. 2017, 2021). Although the idea of linking energy literacy to other, perhaps
more basic literacies, is comprehensible, but the focus on personal financial budgeting
decisions takes a primarily economic perspective that leaves the socio-political dimension of
the energy transition in the background.

Pushing the definition of energy literacy towards the Vision II/-11l scientific literacy end,
Chen, Liu, and Chen (2015) explicitly add a "civic responsibility" to participate in energy
conservation activities for a sustainable society to the catalog of an energy literate person.
Their conceptualization includes knowledge of energy concepts, the ability to decide how to
use energy and evaluate "energy-related issues" as well as information about them, and a low-
carbon lifestyle (Chen et al., 2015, pp. 205-206). In addition to the individual use of (electrical)
energy, the study examines the aforementioned lifestyle in terms of individual consumer
choices and attitudes which besides the individual use of (electrical) energy investigates the
behavioral dimension of energy literacy in regard to individual consumer decisions and
attitudes. However, much of the research on conceptualizing or measuring energy literacy
remains in the realm of households and individual responsibility for energy consumption
(Adams et al., 2022). In terms of the systemic scope of the energy transition, though, it is
important to note that a genuine transition does not emerge solely as a passive result of
reduced (energy) consumption, but rather through ‘the driving force of multiple actors
purposefully shaping transitions around a shared long-term vision for the future’ (Farla et al.,
2012, p. 992).

A description that encompasses this systemic view of energy literacy in terms of a
holistic energy transition comes from Lowan-Trudeau and Fowler (2021). In their theoretical
paper, the authors define critical energy literacy, as a wide “understanding of the social,
environmental, political and economic challenges, benefits and impacts of various energy
sources, transportation technologies and construction technologies including, but not limited
to wind, solar, passive, small- or largescale hydro, tidal, geothermal, oil and gas, coal and

nuclear” (Lowan-Trudeau & Fowler, 2021, p. 3). This understanding enables energy literate
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citizens to comprehend the systemic scope of the energy transition and to evaluate the pros
and cons of different energy sources and their implementation as a basis for their decisions

regarding their individual or collective actions toward energy transition goals.

3.3 Domains of Energy Literacy

Based on de Waters and Powers Work (2009) most of the energy literacy- conceptualizations
span three domains: The cognitive domain including content knowledge and cognitive skills,
the affective domain containing positive attitudes towards energy conservation or the
sustainable use of energy sources as well as respective values and the behavioral domain
including predispositions to behave and actual behavior (DeWaters et al., 2013, p. 57). This
tripartite division of domains is also reflected in the learning objectives of the SDGs. Here, the
cognitive domain consists of the knowledge and thinking skills needed to better understand
the various goals and the challenges of achieving them. The affective (= socio-emotional)
domain consists of students” inclination and skills that enable students to collaborate,
negotiate, and promote the SDGs, as well as self-reflection, values, attitudes, and motivation,
and the behavioral domain describes action competencies (Rieckmann, 2017, p. 10).

While it is often assumed that energy-related knowledge forms the cognitive basis of
energy literacy, and that affective elements such as attitudes build on it, and both positively
influence the behavioral domain of the energy literate person, research has not yet been able
to empirically support this assumption (Biatynicki-Birula et al., 2022). Instead, promoting critical
energy literacy for greater socio-cultural engagement in the energy transition requires a

confluence of cognitive, affective, and behavioral educational approaches.

4. Promotion of Critical Energy Literacy

A number of pedagogical movements in the Science-in-Context field (see Section 2.2)
advocate for the advancement of a progressive critical scientific literacy. This array includes
the Socio-scientific Issue Framework (SSI), which provides practitioners and researchers with
a comprehensive framework (Zeidler et al., 2005, 2017) and a defined teaching and learning
model (Presley et al., 2013; Sadler et al., 2016) to help them support students in becoming
responsible "global citizens" (Kahn & Zeidler, 2017, p. 261). Besides teaching content
knowledge, attitudes, and skills related to a particular socio-scientific issue (e.g., the energy
transition), SSI also focuses on providing practice in and measuring transferable skills such as
socio-scientific reasoning (Romine, et al., 2017; Sadler, 2009, p. 701) in its educational and
teaching approaches (Presley et al.,, 2013, Sadler et al.,, 2016). However, SSI teaching
approaches - at least so far - only indirectly addresses the development of pro-environmental
behavior and agency through socio-scientific reasoning (Bencze et al., 2020, p. 837; Bossér,

2018, p. 24). That is, there is an assumption that by gaining insight into the ethical dilemma,
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as well as the various resolutions and viewpoints that come with any socio-scientific issue,
students can develop “dispositions toward environmental stewardship and conservation”
(Kinslow et al., 2018, p. 19). In order to strengthen this dispositional development, it is useful
to pay attention to another process in addition to socio-scientific reasoning that can be
incorporated into SSl-learning environments for students to engage with. The process
considered in this dissertation refers to "identity work" (Calabrese Barton et al., 2013), which
theoretically fosters students' social-environmental identities (Stapleton, 2015) and thus their
behavioral tendency toward environmentally friendly behaviors (in the context of promoting the
energy transition). With the integration of identity work this dissertation aims to push the
suitability of SSI-learning environments and how well they foster scientific literacy towards the
Vision Il and Vision Ill end of the continuum (Manuscript C).

4.1. Fostering the Cognitive-Affective Domain

SSl-learning experiences should be designed to “help students become better at dealing with
complex issues like SSI” (Zeidler et al., 2019, p.1) and to prepare them to “engage in decision
making and position taking” (ibid.) — for example in the context of the energy transition.
Concretely in relation to environmental literacy it has been shown that the accordingly
thematically situated SSI approach increased the “cognitive and affective portions of the
curriculum” (Kinslow et al., 2018, p. 1) resulting in students awareness gain and increased

competency “for analyzing environmental issues, and evaluating impacts and solutions” (ibid.).

4.1.1 Socio-scientific Reasoning and Perspective Taking

In order to provide students with a Vision Il scientific literacy, the implementation of SSI into
science education, aims at encouraging students to take part in debates and decision making
regarding complex socio-scientific issues. For this, students have to be supported in
developing their scientific knowledge, critical thinking skills, and understanding of the
complexities of SSI and “need to be encouraged to develop a sense that their viewpoints on
the issues matter” (Bossér, 2018, p.82). When it comes to designing learning environments,
this implies that these need to give students the opportunity to explore various perspectives
onto the regarding socio-scientific issue as well as the chance to practice the above-mentioned
critical thinking skills.

Socio-scientific reasoning and perspective taking have been identified as two of the
key critical thinking skills that need to be realized in SSI-learning environments in order to have
a significant pedagogical impact on students' critical scientific literacy, as the development of
these intellectual skills affects "virtually any of the central problems situated in environmental
or eco-justice education" (Zeidler & Newton, 2017 p.57). Socio-scientific reasoning is in itself
a construct that “describes thinking practices that individuals use as they make sense of,

consider solutions for, and work to resolve complex SSI” (Romine et al., 2017, pp. 276-277)
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and that is expected to improve when students are given the opportunity to participate in
appropriate learning environments. Although socio-scientific reasoning was originally
“conceptualized as a means of understanding how individuals negotiate different aspects of
complex, social issues” (Sadler, 2009, p. 700), it can also be incorporated into instruction
(ibid.), i.e., in the classroom or informal learning environments, by having students evaluate
the trade-offs of competing viewpoints regarding different solutions to socio-scientific
challenges. Perspective taking is the ability “to recognize and consider the diverse cognitive
and emotional viewpoints of others within SSI” (Kahn & Zeidler, 2017, p. 263) and is described
as a “keystone (Zeidler, et al., 2019, p. 4) for supporting socio-scientific reasoning. Here, it is
important to keep in mind that students do not necessarily know how to evaluate pure
information about different viewpoints on different aspects of socio-scientific issues, and
therefore need support in identifying where these different perspectives come from so that
students can then evaluate them in relation to their own position and attitude on the particular
socio-scientific aspect (Kahn & Zeidler, 2017).

In order for perspective taking and socio-scientific reasoning to work together to
mediate solution finding and decision making regarding, for example, the energy transition,
students need opportunities to examine each SSI topic, i.e., the energy transition, "from the
perspectives of multiple stakeholders" (Zeidler & Newton, 2020 p.57) and action options
(Jorgenson et al., 2019). In addition, SSl-learning environments need to be designed to help
students recognize the inherent complexity of socio-scientific issues and the need for ongoing
inquiry, as well as to help them develop a healthy scepticism when confronted with potentially
biased information about these topics (Sadler et al., 2007, p. 374). Moreover, students benefit
most from these learning environments when they facilitate independent learning (Wang &
Wang, 2023). Or, as Knipfler summarizes, when confronted with arguments from multiple
perspectives, people have to rely on their own reasoning about the advantages and
disadvantages of various alternative solutions (Knipfler, 2009, p. 37).

Therefore, SSlI-learning environments should be designed to provide opportunities for
students to engage in reasoning, argumentation, and decision-making practices in structured
activities. By engaging in these practices, students are empowered to identify their own
position on a socio-scientific issue through exposure to multiple perspectives (Presley et al.,
2013), including the environmental or socioeconomic aspects of, for example, climate change
and the "policies designed to address the issue" (Presley et al.,, 2013, p. 29). It is also
recommended to include a "culminating experience where learners can synthesize ideas"
(Herman et al., 2017, p. 146) and that allows learners to "integrate what they have learned with
their prior knowledge" (Presley et al., 2013, p. 28), i.e. in the form of a debate or role play
(ibid.).
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4.2 Fostering the Behavioral Domain

There exists a vast body of interventions studies, targeting energy related behavior in order to
mitigate climate change and resource scarceness and several review articles comparing these
studies classifying them for example by intervention tools (Delmas, 2013), the technologies
that are associated with energy usage (Nisa, et al., 2019) or the targeted area of energy
reduction (Composto & Weber, 2022). But a recurring problem with promoting behaviors that
could accelerate the energy transition is that most studies attempting to promote such
behaviors are limited to a single energy sector (Rau et al., 2022) or focus exclusively on the
realm of individual energy consumption (e.g., Abrahamse & Steg, 2013; Coskun et al., 2015).
Moreover, these limitations present an overly “simplistic and individual approach to
environmental problems and their causes" (Jensen & Schnack, 1997, p. 172) and frankly
ignore that "large institutions such as government and industry are major contributors to waste,
pollution, and the consumption of nonrenewable resources, as well as structural barriers to
greener lifestyles" (Chawla & Cushing, 2007, p. 438). In short, environmentally friendly
behavior limited to the private or individual sphere is simply not sufficient to "stop global
warming" (McGuire, 2015, p. 696). A successful intervention to build critical energy literacy
therefore needs to communicate that a successful energy transition requires a wide range of
measures (Steg et al., 2021, p. 3) including direct and indirect, individual and collective
behavior in the areas of consumption, housing, mobility, food, energy production, and
transportation, as well as participation in energy policy discourse (Brosch et al., 2016, p. 2;
Michel, 2018).

4.2.1 Agency, Values, and Attitude
But while providing information about all of these interrelated issues might be an important first
step towards the development of critical energy literacy, research shows that factual
knowledge alone is not sufficient to promote pro-environmental behavior (Allen & Crowley
2017, p. 300; Sutton & Robinson 2020, p. 3). Rather, it is necessary to give students a sense
of agency and relevance (Braus, 2013, p. 29), provide them with "action knowledge" (van de
Wetering et al., 2022, p. 9), and give them opportunities to directly engage in such behavior
(Chawla & Cushing, 2007, p. 441, Chen & Liu, 2020, p. 10). However, as Jensen and Schnack
note in their seminal work on agency, this is only true as long as students are not overwhelmed
by "how bad things really are" (Jensen & Schnack, 1997, pp. 171-172), feel helpless, or feel
“like their individual actions might have no significant impact” (Kollmuss & Agyeman, 2002, p.
255). These are crucial aspects for the design of critical energy or scientific literacy-
interventions.

Additionally, to actually engage in such actions, their impact must also be consistent
with people’s personal values and attitudes. However, studies show that there seems to be

only a "modest relationship" (Stets & Biga, 2003, p. 398) between environmental attitudes and
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behavior, and that attitudes generally predict behavior only under certain conditions (McGuire,
2015, p. 699) and with (very) small effects (Kollmuss & Agyeman, 2002, p. 252). In contrast,
values are more behaviorally controlling (e.g., Bolderdijk et al., 2013), and values reflecting
concern for nature and the environment have been shown to predict sustainable energy
behavior and support for sustainable energy policies (Steg, 2016). But as these values are
shaped by a person's closest social group and personal cultural context (e.g., Boer & Boehnke,

2016), they are difficult to achieve through educational interventions.

4.2.2 ldentity Work
The perception of measures to accelerate the energy transition or the willingness to act on
them not only reflects knowledge, attitudes, and values, but also depends on factors such as
group membership (Bolderdijk et al., 2013), personal needs, and everyday challenges (Steg,
2022). Thus, the willingness to engage in pro-environmental behavior ultimately depends on
the whole person in their living environment. However, although it has long been known that
the self and one's identity do drive behavior (Burke & Reitzes, 1981), this perspective has
surprisingly rarely been incorporated into the design of educational interventions

A person's identity refers to the many traits; attitudes; cognitive structures; and. the
many roles and relationships that each person holds (Guenther et al., 2020). Together, they
form a person's self-concept, without each aspect being equally important or occurring
simultaneously. Stapleton describes this when she writes: “Environmental identity could be
envisioned as a section within an individual’s identity binder. The section could be thick and/or
toward the front of the binder, it could be an appendix, or it could be missing altogether"
(Stapleton, 2015, p. 101). Thus, the extent to which an environmental identity influences a
person's behavior depends, on the one hand, on how much of the person's overall identity it
represents, or how "strong" it is (Clayton, 2003). This environmental identity can be made
"salient" by situationally activating it in a person's consciousness (Rahmani et al., 2022, p. 2),
thus bringing it to the forefront of a person's "identity binder". Evidence suggests that identity
salience may even be a stronger predictor of behavior than identity strength (Rahmani et al.,
2022) and may be fostered by sociocultural interactions (Verhoeven et al., 2019, pp. 52-53).

In this context, Kempton and Holland (2003) describe a “social environmental identity”
by which people define their position in relation to others in terms of their environmental
attitudes and lifestyles, and describe its development in three stages: awareness or
consciousness of environmental issues, identification with and self-understanding as an actor
in the environmental context, and increased knowledge of how to engage in environmental
practices (Kempton & Holland, 2003, as cited in Stapleton 2015, p. 96). This environmental
identity is constantly updated and recreated through social interactions and is largely
influenced by education and training (Stapleton 2015, p. 97). Therefore, repeated opportunities

for “identity work” (Calabrese Barton et al., 2013) in learning environments that provide
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students with opportunities for “participation and action in environmental activities as well as
recognition as an environmental actor have the potential to further environmental identity
development” (Stapleton, 2015, p. 107) which in turn can lead to improved environmental
behaviors.

Concretely and for critical energy literacy, environments that allow students to engage
in “the action of gathering information, questioning, experimentation, and critical reflection on
one’s identifications, beliefs, qualities, and roles” (Marcia, 1966 as cited by Kaplan & Flum,

2010, p.56), should be able to promote the behavioral domain of energy literacy.

4.3 Barriers to Promoting Critical Energy Literacy in Schools

As demonstrated above, there is a growing desire for a stronger focus on societal issues in
science education (Lee & Grapin, 2022) and teaching energy in context (Chen et al., 2014).
Indeed, the described SSI approaches are promising and, in some cases, demonstrably
beneficial (Zeidler et al., 2019) for developing critical scientific literacies, such as critical energy
literacy, in students. However, implementation of SSI approaches in formal education is still
proving challenging (Bossér, 2018).

There are many reasons for this, ranging from structural barriers in a school system
where an interdisciplinary, cross-curricular approach is difficult to achieve (Chowdhury et al.,
2020, p. 206) and where there are different priorities for teaching scientific literacy (see also
Section 2.1). In addition to an overloaded and exam-oriented curriculum, the lack of systematic
support, resources and tools to assist teachers and curriculum designers (Sadler et al., 2016,
p. 76), as well as unclear learning objectives and underdeveloped epistemologies, are cited as
major challenges in implementing SSI activities (Kilinc et al., 2017).

Finally, SSI teaching and learning require considerable time (Sadler et al., 2007) as
well as "multidisciplinary expertise" (Liu & Park, 2014, pp. 181-182), yet classroom time is
scarce and many teachers are only trained in specific areas of SSI topics such as the energy
transition (Lowan-Trudeau & Fowler, 2021, pp. 3 & 6). In this light, out-of-school interventions
may provide novel entry points by enabling socio-culturally situated learning and thus fostering

critical scientific literacy development and identity work that complement school.

5.The New Role of Museums

Museum exhibitions may be particularly well suited to provide socio-culturally situated
environments for students to engage with and complement formal education in helping
students gain critical scientific literacy. Not only are museum exhibitions already known to play
a key role in fundamentally supporting education across society (Falk & Dierking, 2010) and
promoting knowledge, interest, motivation, and attitudes (Falk & Dierking, 2010; Lewalter et

al., 2021; Phelan et al., 2017; Schwan et al., 2014). Museums, especially science and
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technology museums, are also not constrained by the "disciplinary boundaries that
characterize school subjects" (Evans & Achiam, 2021, p. 9) and are able to approach science
in a multidisciplinary and thematic way, facilitating social interaction and learning (Stockimayer,
et. al. 2010) and "powerful opportunities for identity work" (Rounds, 2006, p. 133). Additionally,
there is an increasing willingness of museums to engage with socio-scientific issues in critical
and activating ways (Pedretti & Navas lannini, 2020a), providing schools with a growing new

source of holistic educational environments.

5.1 Museums and Sustainable Development

Traditionally, museums have focused on housing and displaying collections, providing
learning- and hands-on experiences (Bell, 2008), and designing environments for educational
engagement in a broad sense (Pedretti & Navas lannini, 2020a, p. 41). In recent times,
however, museums have increasingly recognized their responsibility to prepare their visitors
for a more sustainable future (McGhie, 2018, 2020, Sutton et al. 2017, Sutton 2020; Sutton &
Robinson, 2020) and have become important sites for fostering critical scientific literacy (Hine
& Medvecky, 2015; Rennie & Williams, 2006). This shift in museums’ aspirations from
"displaying exhibits, illustrating scientific concepts and celebrating scientific progress"
(Henriksen & Fragyland, 2000, p. 394) to becoming "arenas for public debate [...] that contribute
to solving global challenges" (Pedretti & Navas lannini, 2020a, p. 23) had already emerged as
a "powerful paradigm shift" (Koster, 1999, p. 287) at the end of the last century. However, it
took another two decades for this movement to find its way into more or less defining and
binding official museum statements.

At the second Science Centre World Summit (SCWS), science centers and science
museums established the Tokyo Protocol as an official statement in which they declared the
importance of supporting the UN Sustainability Goals with, through and for their visitors by
promoting scientific literacy and participatory citizenship (SCWS, 2017). Two years later, this
idea was endorsed and elevated by the International Council of Museums (ICOM) in Kyoto,
resulting in the resolution “On sustainability and the implementation of Agenda 2030,
Transforming our World” (ICOM, 2019). This resolution recognized the importance of the SDGs
and the role museums have to play in shaping and creating a sustainable future as well as
providing practical guidance and suggestions. Finally, in 2022 these declarations found their
way into the new ICOM museum definition which inter alia states: “[...] Open to the public,
accessible and inclusive, museums foster diversity and sustainability. [...].” (The Extraordinary
General Assembly of ICOM, 2022, August 24).

Pedretti and Navas lannini described museums that followed this definition even before

they officially existed as "fourth-generation science museums" (Pedretti & Navas lannini,
2020a) that invite their visitors to "civic participation, reflexivity and engagement, and (...) work

towards agency and ultimately social change" (Pedretti & Navas lannini, 2020a, p. 63). After
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initially manifesting themselves primarily in communication programs such as public debates,
science cafés, or educational exhibition programs, these goals, and the progressive notions of
critical scientific literacy that accompany them, recently found their way into perhaps the most

precious museum format: the museum exhibition.

5.2 Modern SSI-Exhibitions

Arguably the most powerful tool museums possess to tackle socio-scientific issues in order to
work towards a sustainable future are exhibitions that invite visitors to engage with these
topics, and help them to find their own agency and make informed responsible decisions.
Pedretti and Navas lannini label this relatively novel kind of exhibitions “critical” or “agential
exhibitions”. (Pedretti & Navas lannini, 2020a, p. 61).

As their name suggests critical exhibitions encourage visitors to think critically about
potentially controversial science and technology issues in their socio-cultural context. They
approach socio-scientific issues from a variety of perspectives and invite visitors to active
participation within the exhibition (Pedretti, 2002, p. 9). The design of this exhibition type is
often “emotionally charged” (Pedretti & Navas lannini, 2020a, p. 58), stimulates visitors to
question their own position (Pedretti, 2004), and emphasis dialogue and the understanding of
complexities (Pedretti & Navas lannini, 2020a, p. 70). Therefore, from an educational
perspective this aligns nicely with practical scientific literacy goals in the Vision llI-sense and
the before discussed SSl-approach. Almost simultaneously with the continuum from science
education to Vision lll, which emphasizes the goal of (environmental and political) agency,
Pedretti and Navas lannini (2020) identified a new type of exhibition that explicitly pursues the
same goals of “responsible citizenship, informed decision-making, action and activism” (Navas
lannini & Pedretti, 2022, p. 60). Agential exhibitions are, like critical exhibitions, situated at the
intersection of Science, Technology, Society and Environment (ibid, p. 5) but additionally view
their visitors as “political agents of change and transformation” (ibid.) and encourage visitors
to act on a personal or societal level. This exhibition type often includes interactive and
sometimes immersive exhibition designs including storytelling, opportunities for decision
making and other exercises for cognitive and emotional engagement like role-play or voting
stations (Pedretti & Navas lannini, 2020a, p. 75)

As both types of exhibitions overlap (also with more classical pedagogical and
experimental exhibition types) and complement each other (Pedretti & Navas lannini, 2020a,
p. 61) in addressing complex issues and their relationship to socio-cultural, political,
environmental, and ethical considerations (Navas lannini & Pedretti, 2022, p. 5), both
exhibition types will be collectively referred to as "modern SSl-exhibitions" throughout this
dissertation. Due to their theoretical emphasis and design approach these exhibitions have the
potential to engage their visitors in complex socio-scientific issues and enable them to acquire

skills that can empower them for social, environmental, and political change (McGhie, 2020;
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Pedretti & Navas lannini, 2020a; Sutton 2020), and thus have the potential to foster their critical
scientific literacy. In addition, their dialogical communication, the inclusion of different social
perspectives, and the choice of options offered within modern SSI-exhibitions may also be the
key to social environmental identity work as: “It is the mediating function between what’s inside
and what’s outside, between the agent who chooses to act and the structures that provide the
opportunities for acting, alternatives among which actions may be chosen, and the
consequences of acting. Agency and structure are like the two blades of a pair of scissors that
need to work together to do their job. An agent confronts a world—sometimes by visiting a
museum—and out of the interaction constructs an image of what kind of person she wants to
be, and how she should live her life.” (Rounds 2006, p. 137)

From this it can be concluded that a modern socio-scientific exhibition on the energy
transition should have a positive effect on students' critical energy literacy.

6.Learning for Critical Energy Literacy in Museums

Learning in the museum is aptly described as free-choice learning (Falk & Dierking, 2011) This
is because visitors are free to decide what they want to look at, for how long they want to look
at it, what they want to try out, what they want to discuss with others, and where they want to
go next. As such, visitors’ free-choice learning is primarily driven by their intrinsic motivations
(Falk & Dierking, 2000) and highly dependent on the personal characteristics like their prior
knowledge and interests (Falk et al., 2011; Falk & Storcksdieck, 2005). The preconditions for
or influences on this kind of learning are therefore many and varied, and their study, as well as
the precise characterization of museum learning itself, is an ongoing quest of museum
researchers and professionals (Hohenstein & Moussouri, 2018). The “contextual model for
learning” describes the experience of a museum visit as an interplay between the personal,
the sociocultural, and the physical context (Falk & Dierking, 2013, p. 27).

But as ,highly personal and unique” (Falk & Storksdieck, 2005, p. 123) learning in
museums always will be, it still can be assumed in general that “the better the additional
concepts and ideas are connected to the visitor’s prior knowledge and previous experiences”
(Bamberger & Tal, 2008, p. 4), the more significant the learning experience is perceived to be.

Modern SSl-exhibitions, as already mentioned, deal with very complex questions
without satisfying conclusions and usually do so in unconventional forms of presentation, which
often require a particularly active engagement. They might therefore not only benefit from a
good fit between their content and prior knowledge and interest, but even depend on it, as they
might simply overwhelm if the fit is too poor. The ability of an exhibition on the energy transition
to promote critical energy literacy among students may thus depend highly on its fit with their

prior school knowledge and interests.
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6.1 Conceptual Energy Knowledge

There is a broad consensus that students need a deep understanding of energy in order to
understand and assess the socio-scientific issues around climate change and energy (Chen
et al. 2014). Consequently, energy is anchored as a basic and crosscutting concept in science
education (National Research Council, 2012; OECD, 2019) that includes conceptual
knowledge about energy forms and sources, energy transfer and transformation, energy
degradation, and energy conservation (e.g., Duit & Neumann, 2014). It is assumed that with
an understanding of these concepts and with “practice applying them to authentic problems
related to energy resources, students are well positioned to develop the kind of energy literacy
that is critical for tomorrow’s citizens and scientists” (Chen 2016, p. 137). In this way,
conceptual energy knowledge can be seen as a foundational element of critical energy literacy
that can be taught in a way that prepares students to become energy literate in a V-1 scientific
literacy sense but that at the same time also should prepare students for future learning
opportunities and participation in the energy discussion regarding the transition towards a
sustainable energy system.

Following this idea, conceptual energy knowledge should be helpful for students to face
real-life problems and learn new information when they have access to high-quality resources
such as modern SSl-exhibitions on the energy transition. Taking this a step further, students
with higher levels of knowledge should be able to maneuver through such an exhibition more
easily and may be better able to construct new knowledge from it. In addition, although it has
already been discussed, that content knowledge alone rarely leads to behavioral change (see
Section 4.2.1), and therefore conceptual energy knowledge alone is unlikely to lead to the
desired behavior, it could still be very useful in the sense that it helps students evaluate
information about the impact that energy-related behaviors can have on climate change and
resource scarcity. To date, however, there seems to be little to no empirical evidence to support
the assumption that conceptual energy knowledge is actually useful for students in developing
critical energy literacy. In fact, it is known that knowledge per se does not make informed
decision-makers (Falk & Dierking, 2010) and that students' level of energy knowledge is
fundamentally a cause for concern (e.g., Herrmann-Abell & DeBoer, 2017).

Thus, modern SSl-exhibitions on the energy transition are not only potentially
appropriate learning environments for developing critical energy literacy in students but also,
because of the free-choice nature of learning in these exhibitions, an excellent testing ground
for the hypothesis that conceptual energy knowledge is indeed helpful to students in navigating
these complex, multi-perspective exhibitions. This conceptual knowledge connection is
particularly valuable because 1) school-based education has a strong focus on conceptual

energy knowledge, and 2) unfortunately for educational research, Bell's observation that
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"research on schools rarely builds on findings from research in informal settings and vice
versa” (Bell, 2009, p. 18) still holds true.

6.2 Topic Interest

For learning to occur and to be effective, students must be motivated to engage with the
learning environment and content. While school has strong external incentives, free-choice
learning in museums depends mainly on intrinsic motivation (Falk & Dierking, 2000). Although
out of school learning environments such as museum exhibitions are known to foster personal
interest and motivation in visitors (Lewalter et al., 2021), visitors also bring varying levels of
individual interest with them when they enter an exhibition. Individual interest then likely
influences how they engage with the exhibition - and how they learn within it (Harackiewicz et
al., 2016).

Indeed, interest is known to be closely related to learning: It increases attention, focus,
and enjoyment when engaging with a topic and facilitates learning through higher engagement
(Renninger & Hidi, 2016). This is particularly true for learning in informal contexts (Barriault,
2014, p. 14), and even more so for the free-choice learning that occurs in museum exhibitions,
which is often driven by the visitor's interest in the subject matter conveyed by the exhibition.
Moreover, choosing what to engage with and to what extent during the exhibition visit is also
shaped by interest. Thus, individual interest in a topic can be seen as a fairly stable
predisposition that manifests in the moment as situational interest in response to the
affordances and characteristics of the learning opportunity (Harackiewicz et al., 2016). At the
same time interest in the energy transition can be seen as a measurement for students’
positive inclination and attitude towards energy conservation or the sustainable use of energy
sources (see Section 3.3) and therefore qualifies in itself as a foundational element of critical
energy literacy or energy literacy in a V-1 scientific literacy.

Students' interest in the energy transition is therefore identified as an important
motivational prerequisite for student’s engagement with the learning environment under study
and thus their development of critical energy literacy through a modern SSl-exhibition on the

energy transition.

7.Research Questions

Combining the inherent strengths of school teaching and modern exhibitions on social-
scientific issues could be a complementary approach to preparing students in a holistic and
reasonably time-efficient way for the major challenges they will face in their lives. However, at
present it is not known whether these exhibitions are actually as successful as can be assumed
from the theoretical considerations (see Section 4 and Section 5), nor to what extent school-

based knowledge as currently taught and students” topic interest prove useful for learning in
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such exhibitions. This dissertation explores these questions in relation to the pressing socio-

scientific issue of the energy transition, that depends on a critically energy literate society.

The following graph sums up the research question this dissertation is therefore

investigating and provides an overview about what part of critical energy literacy was

investigated in what manuscript of this dissertation. The associated hypothesis that were

formulated in the view on the acquisition of critical energy literacy and museum learning

presented before, can be found in the respective study summaries (see Section 9).

Educational Ecosystem

Formal Education

Informal Education

Manuscript A provides insights in how to develop modern socio-
scientific exhibitions 1n a systematic and theory-driven manner and
serves as point of reference for Manuscript B and C.

Research Question 1:

How does students’ critical energy literacy change during a visit
to a modern SSl-exhibition on the energy transition?

Manuscript B investigates changes in students™ cognitive-affective
critical energy literacy, i.e. their generation of arguments for and
against renewable and conventional energies.

investigates changes in students'
behavioral critical energy literacy, i.e. their overall
willingness to act pro-environmentally.

BTy

Research Question 2:

V-l SL > V-l SL

transition depend upon students™ 1) prior

“How does students’ critical energy literacy after their visit to a moder_n SSl-exhibition on the energy
conceptual energy knowledge and 2) topic interest?

1
h 4 1

Manuscript B investigates the influence of prior conceptual energy
knowledge and topic interest on students™ cognitive-affective critical
energy literacy after the exhibition-visit.

investigates the influence of prior
conceptual energy knowledge and topic interest on
students”™ behavioral critical energy literacy after the
exhibition-visit.
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8.Material and Methods

8.1 The energie.wenden Exhibition — Manuscript A

Manuscript A presented the modern SSl-exhibition energie.wenden, that was developed at the
Deutsches Museum in Munich, to an international audience. The article communicates the
goals of this special exhibition, its conception and content, as well as first impressions of its
use by visitors. Thereby Manuscript A describes the treatment investigated in the subsequent
studies of this dissertation in its full complexity and provides insight into how the key elements
of SSl-learning environments, like perspective taking and the opportunity for socio-scientific
reasoning (see Section 4.1.1), were purposefully integrated in the agential design of the
exhibition and how that design also provides visitors with opportunities for identity-work (see
Section 4.2.2) through the engagement with its central interactive format.

The article begins by stating that the energy transition is a complex process involving
society as a whole, and that the curators of the exhibition have set themselves the task of
presenting precisely this process and the trade-offs involved, to motivate visitors to actively
engage critically with the issue, and ultimately to increase the visitors' competence and
willingness to patrticipate in the overall societal process of the energy transition, thereby aiming
at the objectives of modern SSl-exhibitions (see Section 5.2).The fact that the challenge here
lies primarily in the necessary multi-perspectivity in dealing with this important topic is also
presented right at the beginning. To meet these goals and challenges, the exhibition curators
have given the socio-scientific issue of the energy transition a central innovative interactive
format that gives visitors plenty of opportunity to practice perspective taking, socio-scientific
reasoning and decision making (see Section 4.1) and, with the help of the designers,
developed a clear, structured and systemic exhibition design, which culminated in said format.

In addition to the exhibition's prologue and epilogue, this manuscript discusses in detalil
the exhibition's nine thematic rooms, which use various interactive elements to illuminate the
particular crucial points and emotional challenges of each area with regard to implementing a
global energy transition and provide insights into different approaches to solutions and
ecological, political and socio-technical contexts. Although these overarching thematic rooms
could also be visited individually, they were systematically linked by the exhibition's central
interactive format and also served as "knowledge repositories" for this format.

There, at the heart of the exhibition, visitors were asked to take on the role of
policymakers and design their own personal energy transition. Taking on this overviewing role,
was thought of as allowing especially adolescent visitors, the target audience of this exhibition,
to visit the topic of the energy transition from a perspective that enables them to engage with
all areas of this societal undertaking, including those that might initially be considered out of

their range in their role of students. As “politicians”, visitors then encountered various
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stakeholders of the energy transition who approached them with their personal concerns and
aspirations and urged them to make energy policy decisions in their favor. In order to objectify
these relevant and realistic but identity-laden demands, visitors were then able to visit the
corresponding thematic rooms in order to use them as knowledge repositories for their
reasoning process and choose an energy policy measure that suited them at the respective
decision station. The moment they chose one of the three possible measures, potential voters
from different backgrounds appeared on the screen of these stations to express their additional
personal views on each and every one of those measures. Visitors had to weigh all these
perspectives and arguments in order to find their own position towards the respective
challenge and decide accordingly. At the end of the exhibition visit, the evaluation of these
decisions resulted in the assessment of visitors' own energy transition-profile, providing a
synopsis of all their decisions and what those in combination said about their “energy transition-
type” or politician-identity. Visitors were then able to compare these results with each other
and see how the, with a wink of the eye formulated, “energy transition-types” matched their
own (previous) perceptions of themselves. Finally, visitors could compare their energy policy
choices with the entirety of the choices made by all visitors of the exhibition up to their visit
date.

Taken as a whole, the exhibition provides visitors with systemic insights into the societal
process of the energy transition (see Section 3.1) and a wide range of measures to promote
the energy transition including direct and indirect, individual and collective behavior in the
areas of consumption, housing, mobility, energy production, and transportation, as well as
participation in energy policy discourse (see Section 4.2).The article ends with an overview
and a first analysis of the decisions made by the visitors and the distribution of the energy
transition profiles assigned so far. It becomes clear that the decisions made were not overly
dependent on the opinions of the main players in the energy transition. This can be seen as a
first indication that the visitors actually seemed to weigh the multitude of solutions,
perspectives and personal viewpoints presented in the exhibition and/or at least matched them
with their own perspectives and personal identities.

In conclusion, Manuscript A provides the necessary foundation for linking the findings
of the subsequent research to this theory-based, highly complex, intertwined, and rich learning

experience.

8.2 Study Design and Participants

Manuscript B and Manuscript C, included in this dissertation, are two studies that emerged
from an overall study that aimed to answer the previously stated research questions (see
Section 7) by comprehensively investigating the learning environment described in Manuscript
A.
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This overall study was approved by the Bavarian Ministry of State for Education and
Culture, Science and Art before it was conducted (Data collection took place from September
2017 to November 2017) and followed a pre-post-design in which students were given a pen
and pencil-test one week before (T1) and one week after (T2) their visit to the exhibition.
Testing took place at school and was consented to by a legal guardian of the students. All tests
were conducted, explained, and supervised by the first author. Before their 90-minute visit,
students received a brief introduction to the exhibition as regular visitors would have received
by the exhibition’s host upon entering the exhibition.

Students were explicitly told that they were free to use the exhibition as they saw fit
and that they could decide for themselves whether or not to participate in the interactive format.
Students then visited the exhibition in the intended free-choice form and chose to do so in
pairs, small groups or alone. The respective formations could change during their visit.
Teachers were invited to visit the exhibition as their students did but had no influence on how
their students interacted with the exhibition.

The overall study was conducted in Bavaria, Germany. 10 classes from five secondary
schools, from grades eight to ten, participated in it with a total of N = 222 students. For the
analyses conducted in Manuscript B as well as Manuscript C, only students who attended the
exhibition-visit and had data from the pre-and post-test were considered. The final data set
consisted of 185 students (166 from 8th grade Gymnasium, and 19 from 10th grade
Realschule). The ages of these students varied from 12 to 17 years, with an average 13.58
years (SD = 1.06), and gender distribution was approximately equal (42.2% female, 57.3%

male, 0.5% gender neutral).

8.3 Instruments and Variables

The instruments included a knowledge test, scales, and open-ended questions. Two sets of
outcome variables were derived from these instruments: "arguments regarding conventional
and renewable energies” (i.e., cognitive-affective critical energy literacy, Manuscript B) and
"overall willingness to act" (i.e., behavioral critical energy literacy, Manuscript C). The
instruments used to measure changes in these elements from before to after the exhibition
visit were included in both the pre- and post-tests of the overall study. The instruments from
which the independent variables for both studies (Manuscript B & C) were derived, namely

[T

students' "conceptual energy knowledge" and "interest in the energy transition", were only
included in the pre-test, as they were not expected to change during the exhibition to warrant
inclusion in the post-test.

To capture changes in students' cognitive-affective energy domain, Manuscript B
incorporated open-ended items into the study’s pre- and post-test to get insights into students’
understanding “of the social, environmental, political and economic challenges, benefits and

impacts of various energy sources, developments and technologies” (Lowan-Trudeau &
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Fowler, 2021, p. 2). This understanding was captured with one open-ended item each for
renewable and conventional energy sources, which required students to generate arguments
for and against these energy sources (after Knipfler, 2008; Toplak & Stanovich, 2003). These
arguments in the sense of “reasons” do provide learners with an initial overview and can be
used to measure a level of understanding (Bottcher et al., 2016). Three variables were derived
from the responses for each open-ended item: the overall number of arguments; the number
of pro arguments; and the number of contra arguments. In addition, the student responses
were analyzed qualitatively to gain insight into possible changes in the students' thematic
focus. This instrument was designed to show the extent to which the students' knowledge of
the many facets and systemic scope of the energy transition, as well as their weighing of the
advantages and disadvantages of using and deploying different energy sources and
technologies, may have been deepened after visiting the exhibition.

In order to detect changes in students' behavioral domain of critical energy literacy
Manuscript C assessed a wide variety of students” behavioral intentions that are relevant to
the acceleration of the energy transition in the study’s pre- and post-test. For this, sixteen items
of a pre-existing instrument, that Boyes and colleagues developed to evaluate students’
willingness to act in several areas of the energy transition, and in which they took political,
situational, financial, and personal factors into account (Boyes et. al 2009), were chosen.
These items ranged from statements that students would be willing to “switch things off at
home” in order to save energy or to use low emission transportation even if it was more
inconvenient for them to their inclination to “vote for a politician who said they would bring in
laws to reduce global warming, even though it would stop me doing some of the things | enjoy”.
Students “willingness to act was measured on a five-point Likert scale asking in how far they
agreed with these sixteen statements ranging from "not at all" to "very much". Since the present
research was primarily interested in fostering a general tendency to act pro-environmentally
through a holistic learning environment, rather than investigating the extent to which concrete
information influences students' willingness to act in a particular area, an average of all items
was calculated to gain insight into students' willingness to act as a general tendency.

To gain insight into students' conceptual energy knowledge (Chen et al., 2014; Nordine,
2016; U.S. Department of Energy, 2017), a single-choice test was included in the pre-test of
both studies. This test was an abbreviated version of an established instrument to measure
secondary students' conceptual knowledge of energy (Energy Concept Assessment, ECA by
Neumann et al., 2013). From this established test-instrument, 24 items were chosen, based
on their closest content relationship to the energy transition, their balanced representation of
the four key ideas about energy (e.g., Duit & Neumann, 2014), and their level of difficulty for

each of the key ideas.
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Students' topic interest was measured as students' interest in the energy transition with
four items based on Krapp (2002) in the pre-test of both studies. Students were asked how
much they agreed with statements such as "l am interested in the topic of energy transition” or
"Engaging with the issue of the energy transition is personally meaningful to me." All items
were measured on a five-point Likert scale ranging from "not at all" to "very much".

A more detailed description of the instruments, their piloting, coding, and reliabilities

can be found in the original papers of Manuscript B & C (see also the respective appendices).

8.4 Data Analysis

In order to answer this dissertation’s research questions, three statistical tools were used,
namely PSPP (Free Software Foundation, PSPP Version 1.6.2.), SPSS (IBM SPSS Statistics,
Version 26) and R (The R Project for Statistical Computing, Version 3.1.0.)

To examine the extent to which students' critical energy literacy changed from before
to after their visit to the exhibition (R.Q.1), a series of Wilcoxon signed-rank tests were
performed because the dependent variables of the study were not normally distributed at T1
and T2.The test can be described as the paranormal equivalent to the t-test, which is highly
sensitive towards a violation of the assumption of normal distribution, and is used to determine
whether the central tendencies of two dependent samples are different by comparing rank
orders at two time points.

The second set of research questions regarding the influence of conceptual energy
knowledge and topic interest on students' critical energy literacy after their visit to the exhibition
(RQ 2) was investigated using stepwise multiple linear regressions for students’ cognitive-
affective and behavioral critical energy literacy after their visit (T2), with students’ prior (T1)
cognitive-affective and behavioral critical energy literacy to act as the control variable and
students’ prior interest in the energy transition and prior conceptual energy knowledge (T1) as
independent variables.

Manuscript B additionally explored the influence of students” prerequisites for the
development of critical energy literacy in a modern socio-scientific exhibition on the energy
transition further by applying Necessary Condition Analysis (NCA, Dul, 2016, Dul et al., 2020).
Supplementary to the multiple linear regression analysis, which indicates the average influence
of a variable on an outcome (and draws a regression line through the middle of the data), the
NCA draws a ceiling line above the data and finds out what value of x is necessary (but not
sufficient) to achieve a certain level of y (Dul, 2016) and is therefore able to detect potential
thresholds of conceptual energy knowledge and topic interest that might be essential for
students” learning in complex SSl-learning environments. The NCAs were calculated for parts
of students” cognitive-affective critical energy literacy (T2) that, according to the results from
the previously performed stepwise multiple linear regression analyses, depended on either

conceptual energy knowledge, topic interest or one of the control variables (= dependent
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variables, T1). As independent variables for the NCA, the respective T1 values, interest and
conceptual energy knowledge were included in the analysis to get further insight into whether
a certain level of conceptual energy knowledge and/or topic interest is necessary for students'
gain in critical energy literacy after visiting the exhibition.

To reduce the likelihood of false-positive results (type | error), the Bonferroni correction
was applied to all analyses in both manuscripts. For a more detailed description of the

statistical analysis, please refer to the respective manuscripts.

9.Study Summaries

Both Manuscripts B and C focus on investigating the potential promotion of student’s critical
energy literacy through a modern SSl-exhibition on the energy transition, and the impact that
students” prior conceptual knowledge and topic interest might have on said promotion (see
Section 6.1 and 6.2). Despite their shared theoretical background and the common objective
to find out more about how to effectively and successfully communicate the importance and
challenges of the energy transition and foster participation in it, both studies focus on different
aspects of critical energy literacy and have different emphases in their argumentation and

assumptions questions.

9.1 Manuscript B
Manuscript B focuses on investigating the development of students' cognitive-affective domain
of critical energy literacy. Specifically, the aim of this study was to examine the extent to which
an interactive socio-scientific exhibition — qualifying as an “agential exhibition” (Pedretti &
lannini 2020a) - fosters cognitive-affective critical energy literacy. Further, the extent to which
students’ cognitive-affective critical energy literacy after the exhibition visit depends on their
prior conceptual knowledge of energy (Neumann et al., 2013) and topic interest (after Krapp,
2002) was tested.
For Manuscript B, the following assumptions were formulated:
Hypothesis 1.a: The exhibition visit will have a positive impact on students” cognitive-
affective critical energy literacy.
Hypothesis 2.1.a: Students’ conceptual energy knowledge prior to their exhibition visit
positively influences gains in students” cognitive-affective critical energy literacy.
Hypothesis 2.2.a: Students’ topic interest in the energy transition prior to their exhibition

visit positively influences gains in students” cognitive-affective critical energy literacy.

With regard to Hypothesis 1.a, the results of Wilcoxon signed-rank tests showed that
students' overall number of renewable energies-arguments did not significantly change in
comparison from before to after the exhibition visit. However, the (smaller) proportion of
arguments contra renewable energy increased significantly (z = -3.516, p = <.001, r = .27).
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Supplemented by findings of the qualitative data analyses, these results showed that students
stated significantly more (and more specific) aspects of renewable energy and its use that they
rated as negative or difficult after their exhibition visit. In contrast, for students™ conventional
energies-arguments, it was found that their overall number was significantly higher after visiting
the exhibition (z = -2.834, adj. p = .007, r = .21), and that this gain was due to the significant
increase in both portions of pro- and contra-arguments. Supplemented by the results of the
qualitative analysis of students’ arguments, these results showed that students were able to
identify significantly more negative as well as positive aspects of conventional energy sources
(in the current energy system) after visiting the exhibition than before. All in all, these findings
were interpreted in a way, that by visiting the agential exhibition, students were able to increase
their cognitive-affective critical energy literacy (see Section 10.1).

Regarding Hypothesis 2.1a and 2.1b study findings of stepwise multiple linear
regression analyses showed that conceptual energy knowledge, but not topic interest, acted
as a prerequisite to the acquisition of parts of students cognitive-affective critical energy
literacy (T2) when controlled for students cognitive-affective critical energy literacy (T1). The
study found that conceptual knowledge significantly influenced students’ arguments pro
conventional energies (B = .24, p < .001).and arguments contra renewable-energies (8 = .20,
p = .007) after their exhibition visit, with robust effects when controlling for the respective T1
values. The necessary condition analysis (NCAs), that were conducted for these two outcome
variables of students “cognitive-affective critical energy literacy, and included conceptual
energy knowledge, topic interest and respective T1 values as independent variables, found
that conceptual energy knowledge indeed was a necessary condition for students to generate
a meaningful number of arguments for conventional energy sources (T2) but not against
renewable energies (T2). Here, an above average level of contra arguments regarding
renewable energies at T1 proved to be a necessary condition for a high T2 value of arguments
contra renewable energies after their exhibition visit. However, while conceptual energy
knowledge did indeed prove to be a necessary condition for students to generate any pro
conventional energies-arguments at all after their exhibition visit (for this to occur, students had
to visit the exhibition with a score of 0.175 on the conceptual energy knowledge test, to be able
to generate more than 2.4 arguments pro conventional energies at T2, a score of 0.218 in the
prior knowledge test was required), the NCA results also showed that students needed to solve
only 20% of items on the conceptual energy knowledge test correctly (on average, students
solved 48% of the items correctly) in order to substantially increase their arguments about
conventional energies.

In conclusion, these results demonstrate the effect that modern SSl-exhibitions can
have on students” critical scientific literacy and importance of conceptual knowledge in global

curricula. They also show that a successful exhibition design should consider school
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knowledge and contribute to answering the open gquestion of "in what ways school-based
learning is substantially transferred to out-of-school life" (Bransford et al. 2006, p. 216). More
importantly, the findings show that this learning activity is meaningful even for students with
below-average prior conceptual knowledge of energy, and also for students who were not
especially interested in the energy transition before visiting the exhibition. These findings could
be related to the highly motivating novelty of this kind of exhibition (see Section 10.2 and 10.3)
and are consistent with the description of SSlI-learning environments as "ideal contexts for
bridging school science and students' lived experience" (Sadler, 2011, preface), and

strengthens the case for improving collaboration between formal and informal education.

9.2 Manuscript C

The second study and third contribution to this dissertation, Manuscript C, focuses on
investigating the development of students' behavioral domain of their critical energy literacy
through an interactive socio-scientific exhibition on the energy transition. The first goal of this
study was to investigate whether students' behavioral critical energy literacy changed positively
during their relatively short visit to the exhibition. Second, the study aimed to investigate the
role of students' prior conceptual knowledge about energy (Neumann et al., 2013) and interest
in the energy transition (after Krapp, 2002) to learn more about the promising synergistic use
of informal and formal learning venues in preparing students for the challenges of the 21%

century. The following assumptions were tested as part of Manuscript C:

Hypothesis 1.b: The exhibition visit will have a positive impact on students' behavioral
domain of critical energy literacy.

Hypothesis 2.1.b: Students’ conceptual energy knowledge prior to their exhibition visit
positively influences gains in students' behavioral domain of critical energy literacy.
Hypothesis 2.2.b: Students’ topic interest in the energy transition prior to their exhibition

visit positively influences gains in students' behavioral domain of critical energy literacy

Regarding Hypothesis 1.b, results of Wilcoxon signed-rank tests showed that students’
overall willingness to act increased significantly, from prior to after their exhibition visit (z = -
2.418, p =.016, r =.18). In addition, further analysis strongly suggested that this increase was
indeed due to a change in students” actual overall behavioral tendency, and not just changes
in a few specific behavioral intentions, as individual Wilcoxon signed-rank tests for all 16 items
showed only three significant changes (including one with a negative effect) in terms of
individual behaviors, but several more items with more positive than negative ranks. This
means that this change in overall behavioral tendency cannot be attributed to individual
behaviors, but only appears in its entirety These findings support the theoretical considerations
that modern SSl-exhibitions are indeed a successful tool for fostering students” behavioral

critical energy literacy. However, regarding the findings of Manuscript C, it is important to note,
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that despite the overall positive result, 37% of the students were less willing to act pro-
environmentally after their visit to the exhibition than before.

With regard to Hypothesis 2.1.b & 2.2.b the results of stepwise multiple linear
regression showed, that after including prior overall willingness to act as control variable, only
students’ conceptual energy knowledge still contributed significantly to overall willingness to
actat T2 (B = .13, p <.01) and explained an additional 1% of variance after controlling for prior
overall willingness to act (T1). The positive effect of interest in the energy transition on overall
willingness to act T2 (B = .25, p < .01) vanished when controlling for overall willingness to act
T1 (B = .02, p =.76). Regarding the interpretation of this second finding it is important to note
that interest already was moderately correlated to prior overall willingness to act (T1). The first
finding aligns well with the assumption that conceptual energy knowledge could be useful for
interpreting the complex, systemic, and interdisciplinary information students received during
their exhibition visit (Chen et al., 2014), and the important role that conceptual energy
knowledge should play in the development of (critical) energy literacy (Chen et al, 2014;
Nordine, 2016; U.S. Department of Energy, 2017). The fact that topic interest did not show any
effect on the changes in students” overall willingness to act pro-environmentally might be due
to situational factors during students” exhibition visit and the motivational aspects of the novel
learning environment (see Section 10.2 and 10.3). The results therefore also show that further
research is needed to shed light on interindividual differences in how people perceive and use
information (Longnecker, 2016), and their response to exhibitions on complex SSI topics
particularly in museums, in a way that broad audiences are able to make use of it (Lackner et
al., 2019).

In conclusion, Manuscript C revealed that the exhibition approach to promoting the
behavioral domain of critical energy literacy is promising, and can be useful for museums that
want to motivate people to act to address "identity" in their exhibitions and to create explicit
points of connection for its further development. It also showed that conceptual knowledge as
acquired in school is beneficial for the use of free-choice learning activities in socio-scientific
contexts and that successful exhibition design does well to take school knowledge into
consideration. Thus, the findings of this study may further support the synergistic use of formal

and informal learning venues.

10. Discussion

The overall goal of this dissertation project was to gain a better understanding of the potential
for promoting critical energy literacy through the holistic learning environments of modern SSI-
exhibitions on the energy transition, and if these exhibitions might complement formal
education in its goal of providing students with Vision II/-lIl -scientific literacy. By including both
students' prior conceptual knowledge of energy and their interest in the topic as independent
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variables, this research attempts to 1) bridge the gap between formal and informal education
and also 2) investigate the extent to which more foundational elements of an energy literacy
that can be interpreted in a Version | sense influence students' development of critical energy
literacy in a Vision Il/-1ll manner. Overall this dissertation project aimed at adding to the
research base on the extent to which school-based knowledge and interests help students
navigate complex SSl-learning environments, and how combining the inherent strength of
informal and formal learning sites might best help students meet the challenges of the 21

century.

10.1 The Development of Students” Critical Energy Literacy

The first research question of this dissertation project was in how far modern SSI-exhibitions
on the energy transition helped students to develop critical energy literacy, in a way that helps
them become able and willing to partake in the urgent socio-scientific issue of the energy
transition.

The first study conceptualized energy literacy in a Vision Il sense and measured
changes in the cognitive-affective domain of students” critical energy literacy via their
generation of arguments for or against the usage of renewable and conventional energies.
With regard to this dissertation’s first research question, Manuscript B found that students'
overall number of renewable energies-arguments did not change in comparison from before
to after the exhibition visit. However, the proportion of arguments contra renewable energy
increased significantly, meaning that after their exhibition-visit, students stated significantly
more aspects of renewable energy and its use that they rated as negative or difficult. In
contrast, for students™ conventional energies-arguments, the study found that their overall
number was significantly higher after visiting the exhibition, and that this growth was due to the
significant increase in both pro- and contra-arguments. Thus, students were able to identify
significantly more negative as well as positive aspects of conventional energy sources after
visiting the exhibition than before.

At first glance, the results seemed to contradict a successful intervention in favor of the
energy transition, since students learned more negative aspects about renewable energies
and positive aspects about conventional energies and their use. But a closer look at the data
revealed that 1) students entered the intervention with a higher level of knowledge about the
positive aspects of renewable energies, and 2) even after the intervention, they provided on
average many more arguments in favor of renewable energies than in favor of conventional
energies. In addition, it was observed that all students were generally in favor of the energy
transition both before and after visiting the exhibition. The fact that they seem to have learned
more positive facts about conventional energies and more negative aspects of renewable
energies "can [therefore] be regarded as a key indicator of conscious opinion formation and

reflective judgment” (Knipfler 2009, p. 39), as these facts go against their own biases. And
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finally, it has to be considered, that the knowledge of the negative aspects of renewable
energies and the benefits of conventional energy is ultimately necessary to understand why
the energy transition is so complex and challenging, and might actually help a critical energy
literate person to address these challenges in a realistic way (Lowan-Trudeau & Fowler, 2021).

Overall, the results of the study indicate that students had a more balanced view of the
use of different energy sources and a more differentiated understanding of the advantages
and disadvantages of energy sources after visiting the museum exhibition. Therefore, it can
be concluded that the modern SSl-exhibition on the energy transition indeed supported
students' acquisition of cognitive-affective critical energy literacy.

The second study pushed the conceptualization of critical energy literacy further into a
more agency concentrated Vision Ill sense, by focusing on investigating the development in
students™ behavioral critical energy literacy. The study found that students' overall willingness
to act pro-environmentally increased significantly after visiting the exhibition. This result is
particularly valuable because the observed increase actually reflects a change in students'
overall behavioral tendency and not just some changes in a few specific behavioral intentions,
as Wilcoxon signed-rank tests for all items of students' willingness to act showed.

However, this positive result is somewhat limited by the significant number of students
who were actually less willing to act pro-environmentally after visiting the exhibition. There
could be several reasons for this, which could either be found in the design of the exhibition,
in the personal prerequisites of the students or could have been due to a combination of both.
In light of the literature reviewed in the theoretical background of this dissertation (see Section
4.2.1), it might be possible that the complexity of the exhibition may have resulted in some
students being overwhelmed. As this can, as already described years ago by Jensen and
Schnack (1997), lead to paralyzing and preventing action rather than encouraging it, it might
be possible that the exhibition visit dimmed some students’ initial assessments of their
willingness to act. It may also be that students, during their exhibition visit, have gained a more
realistic picture of the effort or cost behind each action and re-assessed their personal
capability to do so, and adjusted their willingness to act accordingly (Steg et al., 2014). And
indeed, the challenge of presenting complex issues in an understandable and motivating way
that does justice to their complexity without denying the effort required to address them is well-
known in the communication of socio-scientific issues, particularly in the context of climate
change (Howarth et al., 2020; Moser, 2016). Therefore, while overall the investigated approach
of the exhibition as well as the novel use of the willingness to act items (Boyes, 2009) to
measure student behavioral tendency to act pro-environmentally seems promising, it also
becomes clear that further research regarding interindividual differences in how people
perceive and use information in exhibitions (Longnecker, 2016) on complex SSI topics is

needed. This knowledge will further support future efforts to communicate such complex SSI
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topics, particularly in museums, so that they can be used by a wide range of audiences
(Lackner et al., 2019).

Still, the combined results of Manuscript B and Manuscript C are overall consistent with
the theoretical assumption that a modern SSl-exhibition on the energy transition, that gives
students a sense of agency and provides them with opportunities for perspective taking, socio-
scientific reasoning and identity work promotes students' critical energy literacy in a Vision Il/-
[ll sense. Additionally, it is also worth noting that the small to moderate effects, that can be
observed in the changes of students “critical energy literacy from before to after the exhibition
visit, are remarkable for the 90-minutes students visited the exhibition.

10.2 The Influence of Conceptual Energy Knowledge and Topic Interest

Findings of both studies showed, that conceptual energy knowledge, but not topic interest,
acted as a prerequisite to the acquisition of critical energy literacy in a modern SSl-exhibition
on the energy transition, when controlled for T1 values of students’ critical energy literacy.

As previous research has shown that learning experiences in exhibitions are generally
perceived as more meaningful when the fit between the exhibition and the personal
characteristics of the visitor is high (Bamberger & Tal, 2008, p. 4), it can be assumed that
students with higher conceptual energy knowledge were better able to make use of the
exhibition, resulting in the development of their critical energy literacy. This ties in well with the
assumption that conceptual energy knowledge might be generally useful for interpreting the
complex systemic and interdisciplinary information regarding the energy transition in SSI-
learning environments (Chen et al., 2014) or even necessary, as conceptual energy knowledge
was also identified as a necessary condition for students to generate a meaningful number of
arguments for conventional energy sources after their exhibition visit via NCA. From an identity
perspective, the effect of conceptual energy knowledge could also be interpreted in the way,
that students who acquired more conceptual energy knowledge in school were more likely to
have seen themselves as an “energy person” from the start (Brickhouse et al., 2000; Hazari et
al., 2022). In both cases, students would have felt more competent during their exhibition visit
in dealing with energy transition-related information and in their role as actors in the energy
transition.

Overall these findings are in line with evidence on the importance of prior knowledge
in learning (e.g. Bransford, 2000; National Academies of Sciences, Engineering, and Medicine,
2018) and assumptions about the prominent role that conceptual energy knowledge should
play in (critical) energy literacy (Chen et al., 2014; Nordine, 2016; U.S. Department of Energy,
2017), and indicate that conceptual knowledge as acquired in school is beneficial and
important for making use of free-choice learning activities in socio-scientific contexts for
instance in museum exhibitions. However, the results of the NCAs conducted in Manuscript B

also showed that students only needed to correctly answer about 20% of the items on the
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conceptual energy knowledge test to significantly improve their arguments about conventional
energy. In other words, only those students at the very low end of conceptual energy
knowledge (which was about 8% of the participants) had difficulty using the exhibit in a way
that increased their critical energy literacy in all measured outcome variables.

The fact that neither study did detect any influence of prior topic interest on students’
change in critical energy literacy during their exhibition visit is not consistent with previous
research that typically identifies individual interest as a good predictor of engagement and
learning in corresponding learning environments (Carman et al., 2021; Krapp, 2002; Renninger
& Hidi, 2016). This finding might be due to a set of reasons: First, it seems possible that in this
dissertation’s data the lack of effect for interest on students” behavioral critical energy literacy
might be due to interest being moderately correlated to prior overall willingness to act (T1)
which was included as a covariate when investigating the effect of interest and knowledge on
overall willingness to act after the exhibition (T2) via multiple linear regression analysis.
Second, because experiencing situational interest can also directly promote learning by
increasing attention and engagement (Harackiewicz et al., 2016, p. 221), students' situational
interest in the exhibition, particularly in the exhibition's user-centered interactive game (Duan
et al., 2021), may actually have overridden students' prior interest in the energy transition as a
topic. As triggers for situational interest are highly personal (Renninger & Bachrach, 2015),
students” engagement and learning in the exhibition, therefore, might be due to the multi-
perspective design of the exhibition and its complex yet innovative format arousing students’
situational interest, rather than their prior interest in the topic.

In summary, the present study shows that conceptual knowledge is indeed beneficial
and important to some extent for the use of free-choice learning opportunities in socio-scientific
contexts. However, the results also show that learning opportunities such as the modern SSiI-
exhibition investigated in this dissertation are useful even for students with below-average prior
conceptual knowledge, as very little conceptual knowledge was required to understand the
exhibition. Overall, this study thus makes a nuanced contribution to answering the open-ended
question of "the extent to which school learning transfers substantially to life outside of school"
(Bransford et al. 2006, p. 216) while demonstrating that modern SSl-exhibitions can be
powerful learning environments that do not necessarily or extensively depend on prior school

knowledge or topic interest.

10.3 Relations Between Observed Learning and Exhibition Characteristics

It seems that the inclusion of many perspectives on the various topics, the diverse characters,
and attitudes represented in the exhibition provided students with a variety of chances to
connect new concepts and ideas to their “prior knowledge and previous experiences”
(Bamberger & Tal, 2008 p. 4), which aligns well with the findings of the socio-scientific

movement. Therein, SSI is described as an "ideal context for linking school science and the
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lived experience of students" (Sadler, 2011, Preface). Therefore, it can be hypothesized that
while conceptual knowledge of energy had some influence on learning in this exhibition,
student learning may also have occurred based on relevant prior knowledge that was not
necessarily scientific (Feinstein, 2011; Laslo et al., 2011) or through the lens of students'
personal, social, and cultural values, which are known to influence decision making on socio-
scientific issues (Lee & Brown, 2018).

It can be assumed that this learning via multiple connection points is due to the multi-
perspectivity of the exhibition and was further motivated by situational interest and relevance
(Carman et al., 2021; Krapp, 1999; Lewalter & Geyer, 2009), which in turn is probably due to
the novelty of the exhibition and especially the exhibition game, which crystallizes the multi-
perspectivity of the exhibition in a highly engaging way. In that game students visited the topic
of the energy transition from a “higher perspective”, aka the politician, which allows them to
engage with a wider range of topics than they would in assuming another the role i.e. a power
plant operator (who would have to follow an agenda) or as “only” themselves as a young
student (which are far too often only thought of as consumer) and obligates them to take
different viewpoints and agendas (in particular of their voters) into account. But at the same
time students kept their personal identity, allowing them to explore everything from their own
viewpoint. Therefore, by taking on the role of an overall competent actor in the energy
transition, this game gave students the opportunity to practice socio-scientific reasoning,
perspective taking, and decision making (Presley et al., 2013; Sadler et al., 2016), while also
shaping and practicing their social environmental identity (e.g., Calabrese Barton et al., 2013;
Gonsalves et al. 2021; Stapleton, 2015; Verhoeven et al., 2019) by engaging with different
personalities and perspectives on how they, as part of the exhibition and the real world, can
positively contribute to the energy transition as important actors themselves.

Finally, it seems critical for initiating change in critical energy literacy that the exhibition
provided “knowledge in use” on an individual, collective and political level in a systematic and
socio-cultural context throughout the whole exhibition, and that during the exhibitions’ game
students were not told how to act or judged on their "right" or "wrong" actions, but rather
provided with insights into their own position, when it comes to participating in the energy
transition (Manuscript A).

Therefore, the results of Manuscript B and Manuscript C provide an evidence-based
reflection on the theoretical considerations that had gone into the conception and design of the
exhibition, as presented in Manuscript A. These combined findings are an important step
forward in understanding how modern SSl-exhibitions can play their role in promoting critical
energy literacy and scientific literacy in general, and thus effectively complementing formal

science education.

33



10.4 Limitations and Recommendations for Future Research

Although it can be argued theoretically which conceptual elements of the exhibition contributed
to the observed change in students' critical energy literacy, the present research does not vary
different elements of the exhibition and therefore does not provide empirical evidence for the
effectiveness of specific design elements. Future studies might include this experimental
variation in order to provide more concrete evidence and guide museum practitioners en detail
in designing exhibitions. However, one can argue that isolating one design element to test its
singular effectiveness would fall short of the complexity of the learning environment the SSI-
exhibition provides. Or, in other words, the design of the exhibition might unfold its
effectiveness only as a whole wherein the specific design elements complement one another
but singularly do not do anything. Thus, a more promising way forward would be to study how
students interact with and make use of specific exhibition elements: Future studies might
implement some students’ observation during their free-choice exhibition visit in order to gain
better insight in how they interact with different design elements. Unfortunately, neither was
possible in the context of this study, partly for privacy policy reasons and partly because the
sample size required to answer the present research questions did not allow for the personal
observation of a sufficiently large group of individual students. With regard to the overall study
design, a further limitation is that the data of a follow-up measurement point were not included
in the present research.

Operationalizing students' critical energy literacy also brings upon some limitations in
terms of deriving information from that specific promotion to promoting overall scientific literacy
in the Vision Il/-Ill sense. That is, because these outcomes primarily serve as measures of
concrete critical energy literacy and only qualify as proxies for transferable skills such as critical
thinking (arguments), that help “students be better prepared to engage in decision-making and
position taking relative to SSI other than climate change” (Zeidler et al., 2019) or actual pro-
environmental behavior, that only moderately correlates with stated pro-environmental
intentions like willingness to act (Gifford & Nilsson, 2014; Kormos & Gifford, 2014). There are
excellent studies in the field of SSI that have developed and tested measurement tools for
transferable skills i.e. Socio-scientific reasoning (i.e. Eggert & Bogeholz, 2010; Kinslow et al.,
2018; Romine et al., 2017). But unfortunately, these seem either to specific when it comes to
knowledge regarding the used specific examples to measure students decision making
process (i.e. Eggert & Bogeholz, 2009) and therefore not appropriate for the broad informal
interventions that are SSl-exhibitions, or to detailed when it comes to measuring the skill itself
(i.e. Romine et al., 2017) which cannot be assumed to probable be influenced in that detail by
the only ever so brief interventions in the museum.

Furthermore, the present research assumes identity work as the mechanism explaining

the observed change of willingness to act prior to after the exhibition. However, this assumption
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was not tested by including corresponding covariates (e.g., self-efficacy or information derived
from interviews). Future studies should remedy that and shed further light on how identity work
unfolds when students engage with different elements of an exhibition in an out-of-school free-
choice learning environment. In addition, the results of Manuscript C also revealed that
considerable number of students showed a decrease in their overall willingness to act pro-
environmentally after their exhibition visit. In order to investigate further how far SSI topics
especially in museums can best be communicated to a broad audience (Lackner et al., 2019)
research on interindividual differences in how people perceive and use information
(Longnecker, 2016) in such environments is needed. Therefore, it would be advisable for future
studies to include variables that measure more personal characteristics of visitors, as well as
instruments that allow measuring the level of engagement, stimulation, or possible
overstimulation of visitors during their exhibition visit, and to collect more detailed information
about what exactly they did in the exhibition. This could for 1) allow for exploring interindividual
differences in how people make use of and react to an exhibition (for instance via cluster
analysis), and 2) eventually tie those differences to concrete elements of the exhibition.
Finally, although intentions to act are still the strongest predictors of behavior (Hines et
al., 1987), and some of the necessary behaviors to accelerate the energy transition are nearly
impossible to observe, future studies could still enhance their measurement of pro-
environmental behavior by i.e. including a follow up that extends “beyond the site itself’
(Ballantyne & Packer, 2009, p. 5) allowing to investigate in how far the formulated intentions

might actually transfer to students’ “real life”.

10.5 Implications for Formal and Informal Education

Despite the above described limitations of this dissertation, the results of the present research
are significant to the field of formal and informal education for various reasons. First, there are
strong indications that the learning observed in both studies was related to the presentation of
a wide variety of perspectives on the energy transition within the exhibition and the novelty of
the exhibition’s game, which crystallizes the exhibitions” multi-perspectivity in a particularly
strong way. The indication that the perception of different personal perspectives, as well as
addressing the visitor as a complex person, provided sufficiently broad gateways to connect
with and develop students' ecological social identity, and practice in socio-scientific reasoning,
can provide practical guidance for further exhibition development. For the result shows that it
can be beneficial for museums that want to motivate people to act to address "identity" in their
exhibitions and to create explicit connecting points for its further development.

While other aspects of the exhibition (see Manuscript A) go hand in hand with the ideas
of contextual learning and the SSI movement, but remain time-consuming and eventually
difficult to implement in schools, the game offers a large number of perspectives, connections

and contents in quite a short time and might serve as a template into which a variety of SSI-
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topics could be inserted (see also Section 4.3).Therefore, features of the researched modern
SSl-exhibition appear not only desirable but also transferrable to new SSl-exhibitions or even
formal-learning settings.

In addition, the studies confirm the assumption that conceptual energy knowledge is
helpful for learning in complex learning environments without conceptual energy knowledge
having to be particularly high in order for this learning to occur. Through the innovative use of
the new NCA method in this setting between formal and informal education, this dissertation
was able to demonstrate not only an average impact of conceptual energy knowledge on
learning outcomes through complex SSl-learning environments, but also the required level of
conceptual energy knowledge that students need to achieve (in school) in order to benefit from
these (out-of-school) environments. Thus, this study was able to provide evidence for a
foundational assumption in educational research, while at the same time qualifying this general
assumption somewhat, as the level of conceptual energy knowledge found was actually quite
low. Although this result shows how powerful the holistic learning environments of SSI-
exhibitions can be, the albeit small influence of conceptual energy knowledge on students’
critical energy literacy after their exhibition visit still shows, that successful exhibition design
does well to take school knowledge into consideration and thus potentially further supports the
synergistic use of formal and informal learning venues.

Finally, this study’s findings align with the description of SSl-learning environments as
“ideal contexts for bridging school science and the lived experience of students” (Sadler, 2011,
Preface) and further bolster the case for enhancing collaboration between formal and informal
education. Considering the competing visions of scientific literacy in school (see Section 2.1)
and the difficulties if implementing SSI approaches in formal education (see Section 4.3) this
is of great value and importance, as it shows that conceptual energy knowledge, that can be
considered a goal of scientific literacy Vision I, also plays an important part in the development
of a more progressive vision of scientific literacy. Showing that these learning environments
can “elevate” this knowledge and help students to develop it further along the scientific literacy
continuum up to the agency focused third Vision.

The evidence that the present research provides for the promotion of critical energy
literacy through a modern SSl-exhibition is also of great value for the museum field. Because,
although the emergence of critical and agential exhibitions as well as the official declarations
(Section 5.1) demonstrate that museums have the potential and the will to "foster the changes
the world needs most " (Sutton et al., 2017), many museums are actually still quite hesitant to
develop such exhibitions. The reasons for that are varied but have a lot to do with the inherent
ambiguity and challenging nature of these exhibitions, that is suspected to lead visitors to
experience some dissonance or emotional imbalance (D'Mello & Graesser, 2012; Kapur, 2016)

and therefore feared to “undermine the integrity of museums for trusted information and as
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safe, non-threatening places” (Cameron, 2005, p.216). and "places of entertainment and
pleasure" (Pedretti & Navas, lannini, 2020b, p. 708). In addition, the development of such
highly interdisciplinary and interactive exhibition-formats is very costly, complex and suspected
to be tied to ephemeral public interest rendering them in the worst scenarios obsolete by the
time they are opening (Pedretti & Navas lannini, 2020a, p. 78).

Therefore, the results of the present research that show that 1) a modern SSl-exhibition
does indeed promote students' critical (energy) literacy, and that 2) it does so independently
of students’ prior topic interest and 3) only partially dependent on students” prior conceptual
(energy) knowledge, may make some of these perceived risks a little less threatening, and
may help make it a little easier for museums to find motivation and funding to develop and

exhibit these important holistic learning environments.

10.6. Conclusion

The aim of this dissertation project was to gain a better understanding of the potential of the
holistic learning environments of modern socio-scientific museum exhibitions on the energy
transition to promote critical energy literacy, and to investigate whether these exhibitions in
general can complement formal education in its goal of providing students with a Vision II/-1ll
scientific literacy.

The dissertation argued, that providing students with opportunities for perspective
taking, socio-scientific reasoning and a setting that enables them to consider their social
environmental identity should help them develop their cognitive-affective and behavioral critical
energy literacy and that modern socio-scientific museum exhibitions are well suited sites to do
s0. By investigating the extent to which such an exhibition on the energy transition actually
fostered students” generation of arguments regarding the use of renewable and conventional
energies and their overall willingness to act, the present research found that the exhibition was
indeed successful in increasing students’ critical energy literacy.

In addition, the present research investigated how these results depended on students'
prior conceptual knowledge of energy and interest in the energy transition. These two
independent variables were chosen because they 1) are crucial for learning in free-choice
learning environments such as modern socio-scientific museum exhibitions, and 2) qualify as
foundational elements of energy literacy in the sense of a Vision | scientific literacy, as often
targeted in current school education. Results showed that only conceptual energy knowledge
influenced students' critical energy literacy after their exhibition visit, and that the level required
as a necessary condition for students to develop parts of their cognitive-affective critical energy
literacy was rather low. Thus, this dissertation was able to provide evidence for a basic
assumption in educational research, while at the same time qualifying this general assumption
somewhat and showing that modern SSl-exhibitions can be powerful learning environments

that do not necessarily or extensively depend on prior school knowledge or topic interest.
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From the results of these two studies, the present research inferred that the observed
development of students' critical energy literacy was, in fact, likely the result of key exhibition
design elements, the theory-based development of which was presented in the first manuscript
of this dissertation. These combined findings are an important step forward in understanding
how modern SSl-exhibitions can play their role in promoting critical energy literacy and Vision
lI/-1Il scientific literacy in general, and thus effectively complementing formal science
education.

Because the exhibition design elements and instruments used in this dissertation in a
novel way, as well as the application of the necessary condition analysis, are potentially useful
in other learning contexts, this dissertation contributes to the further practical development and
empirical investigation of learning opportunities to promote complex, multi-layered
competencies in the sense of Vision II/-1ll scientific literacy. Important next steps for further
exploration of such learning environments identified in this dissertation include examining
interindividual differences in how students perceive and use information, as well as their
situational responses to exhibitions on complex SSI topics.

Overall, the results of this dissertation indicate that modern socio-scientific museum
exhibitions can indeed promote students' critical literacy in a Vision Il/-1ll sense, and that this
seems to occur largely independent of topic interest, while conceptual knowledge seems to be
helpful to some extent in the use of such exhibitions. Given the role that conceptual knowledge
also plays in Vision | scientific literacy, which is widely followed in schools, modern socio-
scientific museum exhibitions do indeed seem to support a gradual development of this
knowledge toward a Vision Il/-lll scientific literacy. Thus, combining the inherent strengths of
informal and formal learning venues may indeed be a valuable and time-efficient way to help

students meet the challenges of the 215 century.
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