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ABSTRACT

Universities increasingly require pedagogical approaches that connect environmental literacy with sustainable lifestyle
practices. This study examined the associations of environmental knowledge and environmental skills with sustainable lifestyle
and assessed potential indirect pathways through a virtual reality (VR) learning experience. The final analytical sample
comprised 400 university students who completed all three assessments and met the prespecified data-quality criteria.
Environmental knowledge and skills were measured before the session, VR learning experience immediately afterward, and
sustainable lifestyle through a self-report follow-up two weeks later. Confirmatory factor analysis and covariance-based
structural equation modeling were applied. The model demonstrated acceptable fit (CMIN/DF = 2.376, RMSEA = 0.059, SRMR
= 0.052, CFl = 0.936, TLI = 0.927). Environmental knowledge was positively associated with sustainable lifestyle ( = 0.182, p
< 0.001) and VR learning experience (B = 0.312, p < 0.001). Environmental skills showed larger standardized associations with
sustainable lifestyle (B = 0.241, p < 0.001) and VR learning experience (B = 0.451, p < 0.001). VR learning experience had the
largest standardized direct association with sustainable lifestyle (B = 0.373, p < 0.001). The model-implied indirect effects were
0.116 for environmental knowledge and 0.168 for environmental skills and were interpreted descriptively. The model explained
51.4% of the variance in VR learning experience and 68.7% of the variance in sustainable lifestyle. These findings suggest that
immersive learning experience may provide an intermediate link between environmental literacy and short-term self-reported
sustainable practices. Causal and long-term claims require comparison groups, longer follow-up, and objective behavioral
indicators.
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1. INTRODUCTION

The transition toward sustainable lifestyles has become a
central concern in environmental education because
contemporary patterns of consumption, mobility, energy
use, product selection, and waste generation contribute
to resource depletion, carbon emissions, pollution, and
ecological degradation [1]-[3]. A sustainable lifestyle can
be defined as a pattern of daily living that minimizes
environmental harm while maintaining quality of life and
supporting social well-being [4]. This construct is
reflected in specific behavioral practices, including
reducing unnecessary consumption, conserving energy,
limiting single-use products, selecting low-carbon
transportation, recycling, repairing and reusing materials,
and choosing durable or lower-impact products [5]-[7].
Sustainable lifestyle development is particularly relevant
among university students because consumption habits,
civic orientations, and professional values established
during higher education may influence subsequent
environmental decision-making.

Higher education institutions are positioned to
develop the competencies required for environmentally
responsible decision-making. Education for Sustainable
Development emphasizes acquiring knowledge, skills,
values, attitudes, and behavioral capacities that enable
learners to respond to sustainability challenges [8]. This
orientation is consistent with environmental literacy
theory,  which conceptualizes  environmentally
responsible behavior as an outcome of ecological
understanding,  cognitive  competence, affective
dispositions, and action-oriented capabilities [9], [10].
Within this framework, environmental knowledge and
environmental skills constitute distinct but related
components. Environmental knowledge refers to an
individual’s understanding of ecological systems,
environmental problems, anthropogenic impacts, and
potential solutions. Environmental skills refer to the
ability to interpret environmental information, evaluate
alternatives, assess trade-offs, solve problems, and
formulate feasible courses of action [11]-[14].

The relationship between environmental knowledge
and sustainable behavior is not necessarily linear.
Previous research indicates that environmental
knowledge is associated with pro-environmental behavior
but is often insufficient to produce consistent behavioral
change [15], [16]. Individuals may understand
environmental problems while continuing
environmentally harmful practices because of habitual
behavior, convenience, perceived financial costs, social
norms, inadequate infrastructure, limited perceived
behavioral control, or the psychological distance of
environmental consequences [17]-[21]. This discrepancy
is commonly described as the knowledge-action gap. The
gap is particularly relevant to sustainable lifestyle
research because many environmental consequences are
delayed, spatially distant, cumulative, or difficult to
observe directly. Environmental education must therefore
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extend beyond factual information and provide learning
conditions that connect ecological understanding with
personal relevance, practical decision-making, and
behavioral competence [12], [22].

Environmental skills may reduce the knowledge-
action gap by supporting the application of environmental
knowledge in everyday decision contexts. Sustainable
choices frequently require individuals to evaluate
competing considerations, including cost, convenience,
comfort, accessibility, environmental impact, and social
expectations. Students with stronger environmental skills
may be better able to evaluate sustainability claims,
identify misleading environmental information, compare
behavioral alternatives, and formulate actions that remain
feasible under practical constraints. Environmental skills
can therefore be understood as behavior-proximal
competencies that support translating ecological
understanding into specific decisions and recurring
sustainable practices.

Immersive learning technologies provide a potential
instructional mechanism  for strengthening the
relationship  among  environmental  knowledge,
environmental skills, and behavior. Virtual reality (VR) has
received increasing attention in education because
complex processes can be represented through immersive,
interactive, and experiential simulations [23], [24]. In
sustainability education, VR can represent environmental
consequences that may otherwise be difficult to observe,
including pollution, waste accumulation, deforestation,
climate-related impacts, excessive resource consumption,
and the cumulative effects of lifestyle choices. Compared
with conventional instructional media, VR can provide
presence, interactivity, agency, embodiment, and spatial
immersion, allowing learners to experience simulated
environmental conditions and observe the consequences
of specific decisions [25], [26]. These affordances may
increase the visibility, contextual relevance, and cognitive
accessibility of abstract environmental problems.

The Cognitive Affective Model of Immersive Learning
provides a theoretical basis for examining the educational
function of VR learning experiences. The model proposes
that technological affordances, including presence and
agency, influence cognitive and affective processes such
as interest, motivation, self-efficacy, embodiment, self-
regulation, and cognitive load [27]. Under this perspective,
VR is not treated solely as a delivery technology. Its
educational effect depends on instructional alignment,
task design, meaningful interaction, feedback, and
structured reflection. In environmental education, a well-
designed VR learning experience may allow students to
evaluate simulated situations, make decisions, observe
ecological consequences, and relate those consequences
to their daily behavior. Such processes may strengthen the
application  of  environmental  knowledge and
environmental skills to sustainable lifestyle practices.
However, VR cannot be assumed to be inherently more
effective  than non-immersive instructional media.
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Inadequate design may increase extraneous cognitive
load, produce short-term novelty effects, or fail to
generate transfer beyond the simulated environment [28],
[29].

Empirical  studies indicate that immersive
environmental learning is associated with knowledge
acquisition, environmental concern, self-efficacy,
conservation attitudes, and pro-environmental behavioral
intentions  [30]-[32]. These findings support the
educational relevance of VR but do not fully establish its
relationship with enacted sustainable lifestyle practices.
Existing research has predominantly examined
engagement, motivation, presence, learning achievement,
attitudes, or behavioral intention. Comparatively less
attention has been directed toward sustainable lifestyle
as a multidomain behavioral construct encompassing
energy conservation, mobility, consumption reduction,
waste avoidance, repair, reuse, and recycling. Behavioral
intention and actual or self-reported behavioral
enactment should not be treated as equivalent outcomes
because favorable intentions may not consistently
translate into recurring daily practices.

A second limitation concerns the conceptual
treatment of environmental literacy. Previous studies
have frequently operationalized environmental literacy as
an aggregate construct, although its components may
influence behavior through different mechanisms.
Environmental knowledge provides the conceptual basis
for recognizing environmental problems and possible
responses, whereas environmental skills support the
evaluation and implementation of specific actions.
Treating these dimensions as analytically distinct is
necessary to determine whether sustainable lifestyle
practices are associated primarily with what students
understand, what they can evaluate and perform, or a
combination of both components.

The role of VR learning experience as an explanatory
mechanism also remains insufficiently examined.
Exposure to immersive technology does not necessarily
indicate that meaningful learning has occurred.
Behavioral relevance may depend on how students
perceive, interpret, and internalize the simulated
experience. VR learning experience may therefore
function as an intervening construct that connects
environmental knowledge and environmental skills with
sustainable lifestyle behavior. This proposition is
consistent with immersive learning theory, which
suggests that educational outcomes emerge from
interactions among technological affordances, learner
perceptions, cognitive processing, affective responses,
and instructional design [27]-[29].

This study tests a three-wave CB-SEM model
examining the direct associations of environmental
knowledge and environmental skills with short-term self-
reported sustainable lifestyle, as well as the model-
implied indirect pathways through VR learning experience.
This model distinguishes the cognitive and applied
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components of environmental literacy, evaluates VR
learning experience as a potential mediating mechanism,
and operationalizes sustainable lifestyle as a multidomain
behavioral outcome rather than as behavioral intention
alone.

2. LITERATURE REVIEW AND HYPOTHESIS
DEVELOPMENT

2.1. Research Model and Integration Theoretical

The proposed research model is grounded primarily in
environmental literacy theory and the Cognitive Affective
Model of Immersive Learning. Environmental literacy
theory provides the conceptual basis for environmental
knowledge and environmental skills, whereas the
Cognitive Affective Model of Immersive Learning explains
the role of VR learning experience in connecting learner
characteristics, immersive processes, and behavioral
outcomes.

Environmental literacy refers to the integrated
capacity to understand ecological systems, analyze
environmental issues, evaluate alternative responses, and
undertake environmentally responsible action [9], [10].
This  theoretical perspective does not define
environmental competence solely in terms of factual
knowledge. It also incorporates cognitive skills, affective
dispositions, decision-making competence, and action-
oriented capacity. Within the present model,
environmental knowledge and environmental skills are
treated as analytically distinct components of
environmental literacy.

Environmental knowledge represents students’
understanding of ecological systems, environmental
problems, anthropogenic impacts, available sustainable
actions, and the relative effectiveness of different
behavioral alternatives. Environmental skills represent
the cognitive and strategic capacity to identify
environmental problems, evaluate information, compare
behavioral options, assess trade-offs, and formulate
feasible sustainability-related actions. The distinction is
theoretically relevant because understanding an
environmental issue does not necessarily imply the
capacity to respond to it effectively.

This conceptualization is consistent with Education
for Sustainable Development, which emphasizes the
development of knowledge, skills, values, attitudes, and
behavioral capacities required to support a sustainable
future [37], [38]. Education for Sustainable Development
is positioned in this study as a broader educational
orientation rather than as the primary explanatory theory.
Environmental literacy theory provides the more specific
basis for explaining why environmental knowledge and
environmental skills may be associated with sustainable
lifestyle practices. Knowledge enables students to
identify environmental consequences and recognize
lower-impact alternatives, whereas skills support the

476




[ www.ijeedu.com ]

application of such understanding under practical
constraints.

The second principal theoretical foundation is the
Cognitive Affective Model of Immersive Learning. This
model explains learning in immersive environments
through interactions among technological affordances,
cognitive processing, affective responses, and learner
characteristics [39]. Virtual reality affordances, including
immersion, presence, agency, embodiment, realism, and
interactivity, may influence attention, interest, motivation,
self-efficacy, self-requlation, cognitive load, and
perceived learning transfer.

Under this framework, VR learning experience is not
defined as exposure to immersive technology alone. It
refers to students' perceived experience of learning within
an immersive environment, including the degree of
presence, realism, involvement, interactivity, agency, and
perceived relevance of the simulated scenarios to
environmental decision-making. This distinction is
necessary because the educational effect of VR depends
on how learners cognitively and affectively process its
technological affordances.

Action competence and the Theory of Planned
Behavior are used as supporting theoretical perspectives.
Action competence contributes to the conceptualization
of environmental skills by emphasizing intentional,
reflective, informed, and problem-oriented capacity to act
for sustainability [12], [22]. The Theory of Planned
Behavior and related environmental behavior theories
provide additional support for recognizing that
sustainable behavior may be shaped by attitudes,
subjective norms, perceived behavioral control, habits,
and contextual conditions in addition to environmental
knowledge [15].

These supporting perspectives clarify the behavioral
complexity of sustainable lifestyle but do not replace the
two principal theoretical foundations. Environmental
literacy theory explains the cognitive and action-oriented
competencies represented by environmental knowledge
and environmental skills. The Cognitive Affective Model of
Immersive Learning explains how immersive learning
processes may make those competencies more concrete,
personally relevant, and transferable to daily behavior.

Based on this theoretical integration, environmental
knowledge and environmental skills are positioned as
exogenous components of environmental literacy. Both
constructs are expected to predict sustainable lifestyle
directly and to influence how students perceive and
process VR-based environmental learning. VR learning
experience is positioned as a potential intermediate
construct linking environmental literacy with sustainable
lifestyle.

2.2. Sustainable Lifestyle as a Behavioral Outcome

Sustainable lifestyle is defined as a pattern of daily
behavior that reduces environmental pressure across
multiple domains of individual activity. It includes
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practices related to energy conservation, transportation,
consumption, food selection, waste avoidance, product
reuse, repair, recycling, and preference for durable or
lower-impact products [40], [41]. This construct differs
from environmental attitude because it concerns reported
behavioral enactment rather than general evaluation,
concern, or support for environmental protection.

Within environmental behavior  research,
sustainable lifestyle practices can be classified as
environmentally significant behaviors because they
produce direct or indirect consequences for resource use,
environmental quality, emissions, and ecosystem
sustainability [16], [42]. Some behaviors affect the
environment through direct material or energy
consumption, whereas others influence environmental
outcomes through purchasing patterns, waste
management, or product-life extension.

A sustainable lifestyle should be assessed as a
multidomain construct. Consistent behavior in one
environmental domain does not necessarily indicate
comparable behavior in another. For example, an
individual may conserve electricity but continue to rely on
high-emission transportation. Another individual may
separate recyclable waste while maintaining excessive
consumption patterns. A single behavioral indicator
would therefore provide an incomplete representation of
sustainable lifestyle.

The present study conceptualizes sustainable
lifestyle through several related behavioral domains:
energy conservation, low-carbon mobility, waste
avoidance, recycling and repair, and responsible
consumption. This multidomain  specification is
consistent with the General Ecological Behavior
framework, which organizes ecological behavior across
energy use, mobility, consumption, waste avoidance,
recycling, and other forms of environmental action [5], [6].

The adoption of sustainable practices is affected by
psychological and structural constraints. Psychological
barriers include habit, self-justification, uncertainty
regarding environmental impact, perceived insignificance
of individual action, and the temporal or spatial distance
of environmental consequences [15], [18], [43].
Structural barriers include financial cost, limited access,
inadequate infrastructure, restricted availability of
alternatives, and socio-material conditions that make
environmentally harmful choices easier to perform [44]-
[46].

These constraints indicate that sustainable lifestyle
cannot be explained by environmental knowledge alone.
Behavioral enactment may require the ability to evaluate
available alternatives, manage practical trade-offs, and
connect environmental consequences with personally
relevant decisions. The present study therefore examines
environmental knowledge, environmental skills, and VR
learning experience as distinct explanatory variables
associated with sustainable lifestyle.
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2.3. Environmental Literacy

Environmental literacy is generally defined as the
capacity to understand environmental systems, evaluate
environmental issues, and make informed decisions that
support environmentally responsible action [9], [10]. Its
conceptual scope includes factual and procedural
knowledge, cognitive skills, affective dispositions,
behavioral determinants, and environmental action [10].
Within  Education for Sustainable Development,
environmental literacy is also aligned to develop learners
who possess the competencies required to evaluate
sustainability problems and select responsible courses of
action [47], [48].

The present study focuses on two cognitive and
action-oriented components of environmental literacy:
environmental knowledge and environmental skills.
These components are examined separately because they
represent different capacities and may influence
sustainable lifestyle through different pathways.

2.3.1. Environmental Knowledge

Environmental knowledge refers to an individual’s
understanding of ecological concepts, environmental
problems, causal relationships between human activity
and environmental consequences, and actions that can
reduce environmental harm. It provides the cognitive
basis for recognizing environmental problems,
interpreting their causes, and distinguishing among
alternative responses.

Environmental knowledge can be differentiated into
system knowledge, action-related knowledge, and
effectiveness knowledge [10]. System knowledge
concerns the functioning of ecological systems and the
causes and consequences of environmental disruption.
Action-related knowledge concerns identifying behaviors
that may reduce environmental pressure. Effectiveness
knowledge concerns the relative environmental impact of
different actions.

These forms of knowledge are relevant to
sustainable lifestyle because environmentally
responsible  decision-making requires more than
awareness of environmental degradation. Individuals
must also understand which actions are available and
which alternatives are likely to produce greater
environmental benefit. For example, general awareness of
carbon emissions does not necessarily enable an
individual to compare the relative effects of
transportation choices, product durability, energy use, or
waste-reduction practices.

Environmental knowledge is therefore treated as a
necessary cognitive resource. Its behavioral influence
may nevertheless remain limited when knowledge is not
accompanied by evaluative competence, perceived
behavioral control, supportive infrastructure, or
opportunities to apply environmental understanding in
realistic contexts.
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2.3.2. Environmental Skills

Environmental skills refer to the cognitive and strategic
abilities required to identify environmental problems,
evaluate evidence, compare alternatives, assess trade-
offs, plan actions, and maintain environmentally
responsible decisions. These skills extend beyond factual
recall because they involve applying environmental
understanding to practical situations.

The construct is aligned with action competence for
sustainability, which emphasizes the capacity to
undertake voluntary, purposeful, informed, and reflective
action [49]-[51]. Action competence requires individuals
to understand an environmental problem, assess possible
responses, perceive some capacity to influence the
outcome, and select an appropriate course of action.

Environmental skills are conceptualized as behavior-
proximal competencies. Sustainable lifestyle decisions
frequently involve competing considerations, including
cost, convenience, accessibility, comfort, durability,
social expectations, and environmental impact.
Individuals with stronger environmental skills may be
better able to evaluate environmental claims, detect
misleading sustainability information, identify feasible
alternatives, and adapt their decisions when barriers arise.

The distinction between environmental knowledge
and environmental skills is therefore analytically
necessary. Knowledge concerns what individuals
understand about environmental systems and sustainable
actions—skills concern how that understanding is
evaluated, applied, and translated into decisions under
actual constraints.

2.4. VR Learning Experience

VR learning experience refers to students’ perceived
cognitive, affective, and interactive experience during
learning in an immersive virtual environment. It includes
perceptions of presence, immersion, realism, involvement,
interactivity, agency, and the relevance of virtual
scenarios to learning objectives and daily environmental
behavior.

Virtual reality can represent environmental
conditions that are difficult to observe directly because
they are spatially distant, temporally delayed, cumulative,
or otherwise inaccessible in conventional classroom
settings. Simulations may present deforestation, waste
accumulation, pollution, temperature change, resource
depletion, or the consequences of different consumption
and mobility decisions [24], [35], [36].

The educational relevance of VR is explained partly
by its capacity to situate learners within an interactive
representation of an environmental problem. Presence
may increase the perception of being located within the
simulated environment. Agency may allow learners to
make decisions and observe their consequences.
Interactivity may support active exploration rather than
passive information reception. Realism and embodiment
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may make abstract ecological processes easier to
interpret.

The Cognitive Affective Model of Immersive Learning
indicates that these affordances do not directly guarantee
learning outcomes [39]. Their effects depend on cognitive
processing, affective engagement, instructional design,
learner characteristics, and cognitive load. A visually
complex simulation may increase immersion but reduce
learning when relevant information is obscured or when
the environment imposes excessive processing demands.

VR learning experience is therefore treated as a
learner-perceived educational construct rather than as a
technological attribute. A meaningful experience is
expected to occur when the virtual environment supports
interpretation, decision-making, feedback, reflection, and
perceived transfer to non-virtual contexts.

2.5. Hypothesis Development

The proposed hypotheses represent three categories of
relationships. First, environmental knowledge and
environmental skills are expected to predict sustainable
lifestyle directly. Second, both environmental literacy
components are expected to predict VR learning
experience. Third, VR learning experience is expected to
predict sustainable lifestyle and mediate the relationships
between environmental literacy and sustainable lifestyle.

2.5.4. Environmental Knowledge and Sustainable
Lifestyle

Environmental knowledge provides the conceptual basis
for recognizing environmental problems, interpreting the
consequences of daily activities, and identifying lower-
impact alternatives. Individuals who understand the
relationships among energy consumption, transportation,
product use, waste generation, emissions, and ecological
degradation may be better positioned to evaluate their
daily routines.

System knowledge  allows  environmental
consequences to be understood. Action-related
knowledge identifies possible behavioral responses.
Effectiveness knowledge enables comparison of the
relative environmental effects of those responses [10],
[11]. Together, these forms of knowledge may support
decisions concerning energy conservation, low-carbon
mobility, responsible consumption, waste avoidance,
recycling, repair, and reuse.

The expected relationship should nevertheless be
interpreted cautiously. Environmental knowledge does
not automatically result in sustainable behavior. Habits,
norms, cost, convenience, perceived behavioral control,
infrastructure, identity, and efficacy beliefs may weaken
the association between knowledge and action [15]-[17].
Knowledge remains relevant because sustainable action
requires individuals to recognize environmental
consequences and distinguish between behavioral
alternatives.
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H1: Environmental knowledge has a positive effect on
sustainable lifestyle.

2.5.2. Environmental Skills and Sustainable Lifestyle

Environmental skills are expected to have a positive effect
on sustainable lifestyle because they involve applying
environmental understanding to practical decisions.
Sustainable choices commonly require individuals to
evaluate trade-offs between price and durability,
convenience and environmental impact, immediate
comfort and long-term consequences, or established
routines and alternative practices.

Individuals with stronger environmental skills may
be better able to search for relevant information, evaluate
sustainability claims, detect greenwashing, compare
alternatives, plan realistic actions, and modify strategies
when contextual barriers arise. These capacities may
support both the initial selection and subsequent
maintenance of sustainable practices.

This reasoning is consistent with action competence,
which conceptualizes sustainable action as informed,
intentional, reflective, and directed toward feasible
change [12], [22], [49]. Environmental skills may
therefore contribute more directly to behavioral
implementation than declarative knowledge alone.

H2: Environmental skills have a positive effect on
sustainable lifestyle.

2.5.3. Environmental Knowledge and VR Learning
Experience

Environmental knowledge is expected to influence VR
learning experience because prior knowledge shapes the
interpretation of new information. In an immersive
environmental simulation, students must organize visual,
spatial, and interactive stimuli into coherent
environmental meaning. Prior ecological understanding
may provide the cognitive structure required for this
process.

Students with stronger system knowledge may be
better able to interpret simulated environmental changes.
Students with stronger action-related knowledge may
more readily recognize the behavioral alternatives
represented within the virtual scenario. Effectiveness
knowledge may support evaluation of the relative
consequences of different simulated decisions.

Prior knowledge can therefore function as a
cognitive scaffold. Without sufficient environmental
understanding, an immersive simulation may be perceived
as visually engaging but conceptually fragmented.
Students with stronger environmental knowledge may be
better able to connect virtual representations with
ecological processes, environmental consequences, and
sustainable action options.

This proposition is compatible with the Cognitive
Affective Model of Immersive Learning, in which learner
characteristics interact with presence, agency, attention,
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motivation, and cognitive processing to shape the
perceived quality of immersive learning [39].

H3: Environmental knowledge has a positive effect on VR
learning experience.

2.5.4. Environmental Skills and VR Learning Experience

Environmental skills are expected to influence VR
learning experience because interactive immersive
learning requires learners to evaluate conditions,
compare alternatives, make decisions, observe feedback,
and reflect on consequences. These processes depend
partly on problem-solving, critical evaluation, and
strategic decision-making abilities.

Students with stronger environmental skills may
engage more actively with interactive scenarios. They may
be better able to identify the environmental problem
represented in the simulation, evaluate available
responses, anticipate consequences, and connect virtual
feedback with feasible real-world strategies.

From an action-competence perspective, VR may
provide a simulated context in which learners can practice
environmental decision-making without producing real-
world consequences [12], [22]. The instructional value of
this practice depends on the learner’s capacity to use
agency, interpret feedback, and evaluate the implications
of alternative actions.

Environmental skills may therefore contribute to a
VR learning experience perceived as more meaningful,
interactive, reflective, and transferable to daily
environmental behavior.

H4: Environmental skills have a positive effect on VR
learning experience.

2.5.5. VR Learning Experience and Sustainable Lifestyle

VR learning experience is expected to influence
sustainable lifestyle by making environmental
consequences more concrete, observable, and personally
relevant. Many environmental problems remain
psychologically distant because their effects are delayed,
geographically dispersed, cumulative, or not immediately
visible in everyday life.

Immersive learning may reduce this distance by
representing environmental consequences through first-
person perspective, visual simulation, interactivity, and
cause-and-effect feedback. Students may observe how
particular choices affect pollution, waste accumulation,
resource use, emissions, or environmental quality. Such
representations may support cognitive understanding and
behavioral reflection.

Empirical  studies indicate that immersive
environmental experiences are associated with
conservation-related responses, environmental self-
efficacy, environmental knowledge, attitudes, and pro-
environmental behavioral intentions [26], [30]-[32].
These findings suggest behavioral potential but do not
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establish that all VR experiences produce sustainable
behavior.

The effect of VR is conditional on instructional
quality. Simulations that lack clear objectives, meaningful
decisions, relevant feedback, or structured reflection may
produce novelty responses without facilitating behavioral
transfer. Excessive sensory information may also increase
extraneous cognitive load [28], [29], [52]. A high-quality
VR learning experience is nevertheless expected to
support a sustainable lifestyle by increasing perceived
relevance, clarifying action-consequence relationships,
and facilitating behavioral rehearsal.

H5: VR learning experience has a positive effect on
sustainable lifestyle.

2.6. Conceptual Model

The proposed model comprises two exogenous predictors,
one intermediate endogenous construct, one behavioral
outcome, and one exogenous control variable.
Environmental knowledge and environmental skills are
specified as the principal predictors. VR learning
experience is specified as an intermediate endogenous
construct within the structural model. Sustainable
lifestyle is specified as the endogenous behavioral
outcome.

Environmental knowledge represents understanding
of ecological systems, environmental problems, human
impacts, sustainable action alternatives, and the relative
effectiveness of different actions. Environmental skills
represent the capacity to identify problems, evaluate
evidence, compare alternatives, manage trade-offs,
formulate actions, and maintain sustainable decisions.

VR learning experience represents students’
perceptions of presence, realism, involvement,
interactivity, agency, and learning relevance during
immersive environmental instruction. Its mediating
position reflects the proposition that environmental
knowledge and environmental skills may become more
behaviorally relevant when students interpret
environmental consequences through an immersive and
interactive learning process.

Environmental attitude is included as a control
variable because it is an established affective correlate of
environmentally responsible behavior. Environmental
psychology and the Theory of Planned Behavior indicate
that individuals with more favorable environmental
attitudes are generally more likely to support or perform
pro-environmental behavior [15]. The present study does
not position environmental attitude as a principal
explanatory mechanism. It is statistically controlled to
determine  whether  environmental  knowledge,
environmental skills, and VR learning experience explain
variation in sustainable lifestyle beyond students’ pre-
existing environmental evaluations.

Environmental attitude is therefore specified as an
exogenous control variable with a direct path to
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sustainable lifestyle. The structural effects of
environmental knowledge, environmental skills, and VR
learning experience are estimated after accounting for
environmental attitude. This specification reduces the
possibility that the observed associations are attributable
solely to general environmental concern.

Figure 1 presents the hypothesized relationships
among environmental knowledge, environmental skills,
VR learning experience, environmental attitude, and
sustainable lifestyle.

Knowledge (EK

H1

H5

VR Learning
Experience (VRLE)

H2

g Lifestyle (SL)
[

{ZA Environmental
&F  Skills (ES)

Control

7 Environmental Attitude (EA)

Proposed conceptual model of the hypothesized
relationships among the study variables.

Control Variable: }

Figure 1.

The model distinguishes environmental knowledge from
environmental skills and specifies two indirect pathways
through VR learning experience. The first pathway
represents the contextualization of environmental
knowledge through immersive learning. The second
represents the application and rehearsal of
environmental skills within an interactive environmental
decision context.

1. TO: Screening 2. T1: Pre-VR survey 3. VR intervention
and consent

oW

Elo»;z'»
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3. MATERIALS AND METHODS

3.1. Research Design

A quantitative, prospective, three-wave, single-group
field design was used to examine the hypothesized
relationships  among  environmental  knowledge,
environmental skills, VR learning experience, and
sustainable lifestyle. A standardized immersive virtual
reality intervention was administered to all participants.
The direct and indirect relationships among the latent
constructs were evaluated using covariance-based
structural equation modeling (CB-SEM).

The study did not include random assignment, an
untreated control group, or a comparison condition using
non-immersive instructional media. Environmental
knowledge and environmental skills were measured
rather than experimentally manipulated. Accordingly, the
estimated structural paths were interpreted as temporally
ordered associations consistent with the proposed
theoretical model, not as definitive causal effects.

Data were collected at three measurement points to
establish temporal ordering and reduce the risk of
common method variance. Environmental knowledge,
environmental skills, environmental attitude, and
participant characteristics were measured before the VR
intervention at Time 1 (T41). VR learning experience was
measured immediately after the intervention at Time 2
(T2). Sustainable lifestyle was measured through a follow-
up survey approximately 14 days after the intervention at
Time 3 (T3). Temporal separation was used to reduce, but
could not eliminate, common-method concerns [53].
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Figure 2. Three-wave data-collection and VR-intervention timeline.
The individual student constituted the unit of analysis. lifestyle practices are relevant across
University students were selected because sustainable disciplines and because higher education is
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institutional  context in  which  environmental
competencies, consumption routines, mobility choices,
and professional values may be developed. All
participants received the same instructional objectives,
scenario  sequence, facilitator instructions, and
measurement schedule.

3.2. Population, Sample, and Sampling Technique

The target population consisted of active university
students enrolled in higher education institutions. The
accessible  population comprised students from
participating universities, faculties, and study programs
that supported the implementation of the VR-based
environmental learning activity. Students from different
academic disciplines were included because sustainable
lifestyle encompasses behavioral domains that are not
restricted to a specific field of study.

Participants were recruited using purposive
sampling with quota control. Purposive sampling was
selected because participation required respondents to
satisfy predetermined eligibility criteria. Quota control
was used to improve sample heterogeneity and reduce
excessive representation of a single participant category.
This procedure did not produce a probability-based or
statistically representative sample. The inclusion criteria
were as follows:

e active university-student status;

e aminimum age of 18 years;

e voluntary agreement to participate;

o eligibility to use an immersive VR device;

e completion of the T4 questionnaire and VR
intervention;

e availability to complete the immediate post-
intervention assessment; and

e availability to complete the approximately 14-day
follow-up survey.

Participants were excluded before VR exposure when they

reported conditions that could increase the risk of adverse

reactions to immersive technology. These conditions

included severe motion sickness, vestibular disorders,

photosensitive epilepsy, serious uncorrected visual

impairment, or a history of substantial discomfort during

previous VR use [54]-[56].

Cases were excluded from the final CB-SEM dataset
when participants discontinued the VR session, did not
complete the T2 or T3 questionnaire, failed prespecified
attention checks, demonstrated invariant or straight-
lining response patterns, or recorded implausibly short
questionnaire-completion times. Exclusion decisions
were based on predefined safety and data-quality criteria
rather than on the direction or magnitude of participant
responses.

Recruitment was conducted through classroom
announcements, student communication groups, and
official faculty or study-program communication
channels. Prospective participants received information
concerning the study objectives, eligibility requirements,
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VR procedures, data-collection schedule, potential
discomfort, confidentiality, voluntary participation, and
right to withdraw. Written or electronically documented
informed consent was obtained before data collection.

Quota control considered gender, academic
background, previous VR experience, and prior exposure
to environmental education. The quotas were used to
increase variation within the accessible sample rather
than to reproduce the demographic distribution of the
broader university-student population [57], [58].

The final analytical sample comprised 400 students
who completed all three measurement stages and
satisfied the data-quality requirements. This sample size
was considered sufficient for CB-SEM because adequacy
depends on model complexity, number of latent
constructs and indicators, estimation procedure,
indicator reliability, and distributional characteristics
rather than on a single universal threshold [59], [60].
Because non-probability sampling was applied,
generalization should be restricted to students and
institutional contexts with characteristics comparable to
those represented in the study.

3.3. VR Intervention
3.3.1. Intervention Content

The intervention consisted of a standardized immersive
environmental learning session designed to represent
relationships between everyday lifestyle decisions and
ecological consequences. The virtual environment was
presented from a first-person perspective and included
three sequential scenarios: (1) household energy use; (2)
mobility and consumption choices; and (3) waste
management and circular practices.

The intervention emphasized decision-based
interaction rather than passive observation. Participants
were required to identify environmental problems, select
among predefined behavioral alternatives, and observe
the consequences of their decisions.

In the household-energy scenario, participants
examined common electricity-use practices, including
leaving devices active when not in use and selecting
appliances with different levels of energy efficiency.
Participants selected behavioral alternatives and received
immediate feedback concerning their simulated energy
impact.

In  the  mobility-and-consumption  scenario,
participants compared transportation modes and product
options according to their represented environmental
consequences. The scenario required participants to
evaluate alternatives involving emissions, product
durability, resource use, and consumption intensity.

In the waste-management and circular-practice
scenario, participants sorted waste and selected among
disposal, recycling, reuse, and repair options. Visual
changes, concise explanatory  messages, and
environmental-impact indicators were used to represent
the consequences of different choices.
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3.3.2. Hardware and Interaction

The intervention was delivered using stand-alone
immersive VR headsets equipped with motion-tracking
controllers. Participants navigated within a restricted
virtual area, selected predefined options, interacted with
virtual objects, and observed environmental feedback
associated with their decisions.

The intervention was designed with a moderate level
of interactivity. Participants could exercise agency within
the available decision structure, but they could not freely
alter the scenario sequence or create responses outside
the predefined behavioral alternatives. This controlled
structure was applied to maintain comparability across
participants.

The same VR application version, instructional
content, scenario order, facilitator script, interaction
sequence, and feedback logic were used throughout data
collection. Device configuration, headset model, tracking

stic currently

= circu at?ng in the
oceans

165 000 000 tons
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system, and software version should be reported explicitly
in the final manuscript to permit procedural replication.

3.3.3. Intervention Duration and Safety Procedure

The immersive exposure lasted approximately 6-9
minutes, excluding orientation, equipment calibration,
and post-intervention procedures. Before entering the
virtual environment, participants received instructions
concerning headset use, controller operation, physical
boundaries, potential discomfort, and their right to
terminate participation. Facilitators received
standardized training in device operation, headset
adjustment, controller calibration, hygiene procedures,
safety monitoring, and responses to cybersickness.
During the intervention, participants were monitored for
dizziness, nausea, visual discomfort, anxiety,
disorientation, or loss of balance.

Figure 3. Experimental setting for the immersive VR environmental-learning intervention (source: authors, 2026).
Table1. VR Intervention Protocol
Stage Duration  Procedure Interactivity and feedback Quality control
Orientation 3-5 Explanation of study procedures, safety ~ No VR interaction; standardized The same facilitator
minutes requirements, headset use, controller verbal instruction. script was used for all

functions, and withdrawal rights. participants.

Equipment 1-2 Headset adjustment, visual-clarity Participants practiced pointing, Technical problems

calibration minutes assessment, controller-response selecting, and limited navigation. were recorded before
testing, and practice selection. the intervention.

Scenario 1: Energy ~ 2-3 Identification of household energy-use Interactive appliance and The same task

use minutes practices and selection of lower-impact  electricity-use decisions with sequence and
alternatives. immediate visual feedback. decision options were

used.
Scenario 2: Mobility  2-3 Comparison of transportation modes Interactive selection with feedback  The same feedback
and consumption minutes and product-consumption alternatives. on represented environmental rules were applied to
consequences. all participants.

Scenario 3: 2-3 Waste sorting and selection of disposal,  Object-based interaction with Completion,

Waste and circular ~ minutes reduction, reuse, recycling, or repair visual representation of waste interruption, and

practices options. accumulation or reduction. discomfort were

documented.
Post-VR 3-5 Headset removal, completion of the VR No additional persuasive A neutral debriefing
assessment minutes learning experience instrument, and environmental instruction was protocol was applied.

standardized debriefing.

provided.
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3.4. Variables and Operational Definitions

The model comprised four principal latent constructs:
environmental knowledge, environmental skills, VR
learning  experience, and sustainable lifestyle.
Environmental knowledge and environmental skills were
specified as exogenous predictor variables. VR learning
experience is specified as an intermediate endogenous
construct within the structural model. Sustainable

Table 2.  Operational Definitions of the Study Variables

Variable Operational definition

Environmental

Knowledge (EK) systems, environmental problems, sustainable

action alternatives, and the relative effectiveness of

environmental actions.

Environmental Students’ self-reported capacity to analyze

Skills (ES) environmental problems, evaluate information,
compare alternatives, assess trade-offs, and plan
feasible sustainable actions.

VR Learning Students perceived quality and educational

Experience (VRLE) relevance of the immersive VR experience.

Sustainable
Lifestyle (SL)

Students’ reported frequency or consistency of

pressure.

Environmental

Attitude (EA)
the environmental consequences of excessive
consumption.

Environmental attitude was controlled because favorable
environmental evaluations may influence reported
sustainable practices independently of environmental
knowledge, environmental skills, or VR learning
experience. Its inclusion allowed the principal structural
relationships to be estimated after accounting for general
pro-environmental orientation. Environmental knowledge
was measured through self-report and therefore reflects
perceived understanding rather than objectively verified
knowledge, while environmental skills represent self-
perceived competence rather than directly observed
decision-making performance in everyday contexts.

3.5. Research Instruments

The questionnaire adapted established indicators from
environmental literacy, immersive learning, presence,
action competence, and pro-environmental behavior
literature based on their alignment with the operational
definitions and measurement model.

Environmental knowledge items were adapted from
the three-part environmental knowledge framework
comprising system knowledge, action-related knowledge,
and effectiveness knowledge [11]. Environmental skills
items were adapted from the action-competence for
sustainability literature, particularly measures of self-

Students’ self-reported understanding of ecological

daily behaviors intended to reduce environmental

Students’ general evaluative orientation toward
environmental protection, ecological balance, and
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lifestyle was specified as the endogenous outcome
variable.

Environmental attitude was included as an
exogenous control variable with a direct structural path to
sustainable lifestyle.  Participant  characteristics,
including age, gender, academic background, prior VR
experience, and previous environmental-learning
exposure, were recorded for sample description and
potential sensitivity analysis.

Conceptual dimensions Measurement

System knowledge; action-related
knowledge; effectiveness knowledge

Five-point agreement
scale at T1

Problem analysis; information
evaluation; decision-making; action
planning; response to practical
barriers.

Five-point agreement
scale at T1.

Presence; immersion; involvement;
realism; interactivity; agency;
perceived learning transfer.

Five-point agreement
scale at T2.

Energy conservation; low-carbon
mobility; waste avoidance;
responsible consumption; repair,
reuse, and recycling.

Five-point behavioral-
frequency scale at T3.

Environmental concern; ecological
balance; concern regarding
consumption-related impact.

Five-point agreement
scale at T1; control
variable.

perceived capacity to evaluate environmental problems
and formulate feasible actions [12].

VR learning experience items were adapted from
immersive-learning and presence research. The indicators
represented perceived presence, involvement, realism,
interactivity, agency, and transfer of learning from the
virtual scenario to everyday environmental decision-
making [25], [26], [39].

Sustainable lifestyle items were adapted from the
General Ecological Behavior framework and related
recommendations for measuring self-reported pro-
environmental behavior [5]-[7]. The selected indicators
represented behavior across energy conservation,
mobility, consumption, waste avoidance, repair, reuse,
and recycling. Environmental attitude items were adapted
from established environmental-attitude literature and
were used only to estimate the control effect on
sustainable lifestyle.

Five-point response formats were applied.
Environmental knowledge, environmental skills, VR
learning experience, and environmental attitude were
assessed using an agreement scale ranging from 1 =
strongly disagree to 5 = strongly agree. Sustainable
lifestyle was assessed using a behavioral-frequency scale
ranging from 1 = never to 5 = always.
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Table 3. Measurement Structure

Construct Indicators  Principal adaptation basis Response format Indicator coverage

Environmental 3 Three forms of environmental Five-point agreement scale.  System knowledge, action-related

Knowledge knowledge [11]. knowledge, and effectiveness
knowledge.

Environmental 3 Action competence for Five-point agreement scale.  Environmental information

Skills sustainability [12]. evaluation, comparison of
alternatives, and action planning.

VR Learning 4 Immersive learning and presence  Five-point agreement scale Presence, involvement, realism,

Experience literature [25], [26], [39]. administered after VR interactivity, agency, and perceived

exposure. transfer.
Sustainable 4 General Ecological Behaviorand  Five-point behavioral- Energy, mobility, consumption, waste
Lifestyle pro-environmental behavior frequency scale avoidance, repair, reuse, and
literature [5]-[7]. administered at follow-up. recycling.
Environmental 3 Environmental-attitude Five-point agreement scale.  Environmental protection, ecological
Attitude literature. balance, and consumption-related

environmental concern.

Note. Complete item wording, item codes, adaptation sources, and scoring procedures should be reported in Supplementary Table S1.

The three environmental knowledge and skills indicators
were retained because they represented distinct
conceptual dimensions and demonstrated acceptable
psychometric performance. Constructs with three
indicators were considered adequate when supported by
standardized factor loadings, internal consistency,
convergent validity, discriminant validity, and overall
measurement-model fit.

3.6. Data Collection Procedure

Data collection was conducted offline in classrooms,
laboratories, or university learning facilities that provided
adequate space and safety for immersive VR use. At T4,
participants received study information, completed
eligibility screening, provided informed consent, and
completed a baseline questionnaire measuring
environmental  knowledge, environmental  skills,
environmental attitude, demographic characteristics,
prior VR experience, and previous environmental-learning
exposure.

Participants then received standardized orientation
and completed the immersive VR intervention. Facilitators
documented intervention  completion, technical
interruptions, repeated instructional needs, and adverse
symptoms for participant-flow and data-quality reporting.
Immediately afterward, participants completed the T2
questionnaire measuring VR learning experience, while
cybersickness or discomfort symptoms were recorded for
safety monitoring and identification of incomplete
exposure.

At T3, approximately 14 days later, participants
completed an online follow-up questionnaire measuring
sustainable lifestyle. Responses across the three waves
were matched using unique study codes rather than direct
identifiers. Before analysis, the combined data set was
screened for incomplete or duplicate responses,
attention-check  failures,  invariant  responding,

implausible completion times, and missing data required
for the primary model.

3.7. Data Analysis
3.7.1. Preliminary Data Screening

Preliminary analysis included examination of missing data,
response distributions, univariate outliers, multivariate
outliers, normality, linearity, and multicollinearity.
Participant characteristics and construct scores were
summarized using frequencies, percentages, means, and
standard deviations, as appropriate. Cases that did not
satisfy the prespecified completion and response-quality
criteria  were excluded before estimation of the
measurement and structural models. Data-screening
decisions were documented to distinguish exclusions
related to eligibility, intervention completion, follow-up
attrition, and statistical response quality.

3.7.2. Measurement-Model Evaluation

Confirmatory factor analysis was conducted before
testing the hypothesized structural paths. Each indicator
was specified to load only on its theoretically assigned
latent construct, with indicator reliability assessed using
standardized factor loadings, internal consistency using
composite reliability, convergent validity using factor
loadings and average variance extracted, and
discriminant validity by comparing relationships among
constructs with the variance captured by their indicators.
Indicator deletion or correlated residual specification was
permitted only when theoretically justified, substantively
interpretable, and transparently reported.

3.7.3. Structural-Model Evaluation

The structural model was estimated using maximum
likelihood estimation for the theoretically specified
latent-variable model and adequate sample size [60], [61].
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Direct effects were assessed using standardized
coefficients, standard errors, critical ratios, and p-values,
with hypotheses supported at p < 0.05 in the proposed
direction. Environmental attitude was controlled through
a direct path to sustainable lifestyle. Indirect effects
through VR learning experience were calculated
descriptively as potential pathways linking environmental
knowledge and skills with sustainable lifestyle.

3.7.4. Model-Fit Assessment

Model fit was assessed using multiple indices because no
single statistic provides a sufficient evaluation of model
adequacy. The reported indices included chi-square
divided by degrees of freedom (CMIN/DF), the root mean
square error of approximation (RMSEA), the standardized
root mean square residual (SRMR), the comparative fit
index (CFl), the Tucker-Lewis’s index (TLI), the goodness-
of-fit index (GFI), and the adjusted goodness-of-fit index
(AGFI).

The model was provisionally considered acceptable
when CMIN/DF was below 3.00, RMSEA and SRMR were
below 0.08, and CFl and TLI exceeded 0.90 [62]-[66].
These criteria were interpreted collectively rather than as
rigid decision rules. GFl and AGFI were reported as
supplementary indices because their values are sensitive
to sample size and model complexity.
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4. RESULTS

4.1. Participant Flow and Respondent Characteristics
4.1.1. Participant Flow

A total of 465 university students were approached, of
whom 23 were excluded after eligibility and virtual reality
safety screening, leaving 442 eligible participants. Among
these, 430 completed the Time 1 assessment, which
measured environmental knowledge, environmental
skills, environmental attitude, and background
characteristics. Eleven participants did not complete the
standardized virtual reality exposure, resulting in 419
participants receiving the intervention. At Time 2, 414
participants completed the post-exposure assessment of
virtual reality learning experience and cybersickness
symptoms.

Nine participants did not complete the two-week
follow-up, leaving 405 participants at Time 3. Data
screening excluded five responses because of incomplete
data, failed attention checks, straight-lining, or
implausible completion times. Therefore, the final
analytical sample comprised 400 valid responses for
confirmatory factor analysis and covariance-based
structural equation modeling.

Students approached through participating faculties Excluded after eligibility and
ENROLMENTS or study programs - VR safety screening
(N = 465) (n=23)
v
ELIGIBILITY Eligible after inclusion criteria and VR safety screening > Did not complete Time 1
(n = 442) (n=12)
v
Completed Time 1 (pre-VR questionnaire)
TIME 1 Measures: environmental knowledge, environmental skills, > Did not complete VR exposure
environmental attitude, and background variables (n=11)
(n=1430)
v
INTERVENTION Received standardized VR environmental learning exposure > Did not complete Time 2
(n=419) (n=5)
v
Completed Time 2 (immediate post-VR assessment) n T
TIME 2 Measures: VR learning experience and cybersickness symptoms | = 1ano C?:fge) enme
(n=414)
v
Completed Time 3 (two-week follow-up assessment) =gz d“r(i:g ‘;‘;‘ta SETESHE
FOLLOW-UP ez sus'iamable lifestyle 2 | Reasons: incomplete data, failed attention checks, straight-
(n = 405) lining, or unrealistic response times
v
G Included in final CFA and CB-SEM analysis
(n = 400)

Figure 4. Participant Flow Diagram (CONSORT-Style) for the Three-Wave VR-Based Environmental Learning Study.
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4.1.2. Respondent Characteristics

The demographic and background characteristics of the
final sample are presented in Table 4. The characteristics
examined included gender, age, previous virtual reality
experience, and prior exposure to environmental learning.

International Journal of Environment, Engineering and Education, Vol. 8, No. 3, pp. 474-499, 2026

The final sample consisted of 224 female respondents and
176 male respondents, representing 56.0% and 44.0% of
the sample, respectively. Respondents aged 21-23 years
constituted the largest age group at 51.25%, followed by
respondents aged 18-20 years at 30.3%. Respondents
older than 23 years accounted for 18.5% of the sample.

Table 4. Respondent Profile (N=400).
Characteristic Category Frequency Percentage
Gender Male 176 44.00%
Female 224 56.00%
Age 18-20 years 121 30.30%
21-23 years 205 51.25%
>23 years 74 18.50%
Prior VR experience Never used VR before 169 42.30%
Used VR 1-2 times 151 37.75%
Used VR more than 2 times 80 20.00%
Environmental learning exposure Low 104 26.00%
Moderate 199 49.80%
High 97 24.25%

Previous exposure to virtual reality technology was
generally limited. A total of 42.3% of respondents had
never used virtual reality, while 37.75% used the
technology only once or twice. Respondents who had used
virtual reality more than twice represented 20.0% of the
sample.

Environmental learning exposure was most
frequently classified as moderate, accounting for 49.8%
of respondents. Low and high environmental learning
exposure were reported by 26.0% and 24.2% of
respondents, respectively. These distributions indicate
that the analytical sample included respondents with
varying levels of prior technological and environmental
learning experience.

4.2. Measurement Model Assessment

Confirmatory factor analysis was conducted to determine
whether the observed indicators adequately represented
their respective latent constructs. The assessment
included standardized factor loadings, Cronbach’s alpha,
composite reliability, and average variance extracted.
Standardized factor loadings were used to evaluate
indicator reliability, while Cronbach’s alpha and
composite reliability were used to assess internal
consistency. Average variance extracted was examined to
determine convergent validity. The measurement model
included five latent constructs: environmental knowledge,
environmental skills, virtual reality learning experience,
sustainable lifestyle, and environmental attitude. The
results are shown in Table 5.

Table5. Measurement Model Assessment.

Construct Item Code Standardized Loading Cronbach’s Alpha CR AVE

Environmental Knowledge EK1 0.803 0.863 0.863 0.678
EK2 0.846
EK3 0.821

Environmental Skills ES1 0.812 0.873 0.874 0.698
ES2 0.858
ES3 0.835

VR Learning Experience VRLE1 0.790 0.899 0.899 0.690
VRLE2 0.827
VRLE3 0.861
VRLE4 0.844

Sustainable Lifestyle SL1 0.776 0.886 0.887 0.662
SL2 0.821
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Construct Item Code Standardized Loading Cronbach’s Alpha CR AVE
SL3 0.848
SL4 0.807

Environmental Attitude EA1 0.781 0.850 0.851 0.655
EA2 0.835
EA3 0.811

The standardized factor loadings ranged from 0.776 to
0.861. All loadings exceeded the minimum criterion of
0.50 and the preferred criterion of 0.70, indicating that
each indicator had an adequate association with its
designated latent construct [60], [63].

Cronbach’s alpha values ranged from 0.850 to 0.899,
while composite reliability values ranged from 0.851 to
0.899. Each value exceeded the recommended threshold
of 0.70, indicating satisfactory internal consistency
across the five constructs [60], [67].

The average variance extracted values ranged from
0.655 to 0.698. These values exceeded the minimum
criterion of 0.50, indicating that each construct explained
more than half of the variance in its corresponding
indicators [67]. The results therefore supported indicator
reliability, internal consistency reliability, and convergent
validity.

4.3. Discriminant Validity

Discriminant validity was evaluated using the Fornell-
Larcker criterion. Under this criterion, the square root of
the average variance extracted for each latent construct
was compared with its correlations with the other
constructs.

0.85
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0.80
ES 0612 m 0.641 0672 0.561 0.75
-0.70

0.641 0.706  0.529
- 0.65
SL 0603 0.672 0.706 0.814 [NEY L 060
r 0.55
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Figure 5. Heatmap of the Fornell-Larcker Criterion for
Discriminant Validity Assessment.

The square root of the average variance extracted for each
construct exceeded the corresponding inter-construct
correlations, as illustrated in Figure 5. This pattern
indicates that each construct shared more variance with
its own indicators than with indicators representing other
constructs.

The findings supported the empirical distinction
among environmental knowledge, environmental skills,

virtual reality learning experience, sustainable lifestyle,
and environmental attitude. The five constructs were
therefore retained as separate latent variables in the
subsequent structural model.

4.4, Structural Model Fit

Following validation of the measurement model, the
structural model was estimated using the maximum
likelihood method in IBM AMOS Program. Model fit was
evaluated using the normed chi-square, root mean square
error of approximation, standardized root mean square
residual, comparative fit index, Tucker-Lewis index,
goodness-of-fit index, and adjusted goodness-of-fit index.
The results are shown in Table 6.

Table 6.  Structural Model Fit Indices

Fit Index Threshold Result Interpretation
CMIN/DF <3.00 2.376 Acceptable
RMSEA <0.08 0.059 Acceptable
SRMR <0.08 0.052 Acceptable
CFI >0.90 0.936 Acceptable
TLI >0.90 0.927 Acceptable
GFI >0.90 0.905 Acceptable
AGFI >0.80 0.881 Acceptable

The CMIN/DF value of 2.376 was below the maximum
criterion of 3.00. The RMSEA and SRMR values were 0.059
and 0.052, respectively, and therefore remained below
the recommended upper limit of 0.08.

The incremental fit indices also met their
corresponding criteria. The CFl was 0.936, and the TLI was
0.927, with both values exceeding 0.90. The GFI value of
0.905 exceeded the required criterion of 0.90, while the
AGFI value of 0.881 exceeded the criterion of 0.80.
Collectively, these indices indicated that the structural
model demonstrated an acceptable fit to the observed
data.

4.5. Direct Effects and Hypothesis Testing

Direct structural relationships were evaluated using
standardized regression coefficients, critical ratio values,
and probability values. Figure 6 presents the standardized
structural model, while Table 7 reports the results of the
direct hypothesis tests.
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0.451

Figure 6. Standardized Structural Model Estimates.

Table 7. Direct Structural Effects and Hypothesis Testing.

0.624
@
0.776
0.746
0.621 SL2 @
0.848 0.684
T
0.807
0.677
SL4 @
0.138
0.811 0835 0.781
|EA3| |EA2| |EA1|

Hypothesis Structural Path Standardized Estimate C.R.  p-value Decision
H1 Environmental Knowledge >  Sustainable Lifestyle 0.182 3.538 <0.001  Supported
H2 Environmental Skills >  Sustainable Lifestyle 0.241 4.214  <0.001  Supported
H3 Environmental Knowledge = VR Learning Experience 0.312 6.490 <0.001  Supported
H4 Environmental Skills = VR Learning Experience 0.451 8.804 <0.001  Supported
H5 VR Learning Experience =  Sustainable Lifestyle 0.373 6.569  <0.001  Supported
Control Environmental Attitude = Sustainable Lifestyle 0.138  2.809 0.005  Significant

Environmental knowledge and environmental skills were
positively associated with sustainable lifestyle. The effect
of environmental knowledge was statistically significant
(B =0.182, C.R. = 3.538, p < 0.001), supporting H1, while
environmental skills showed a comparatively larger effect
(B =0.241, C.R. = 4.214, p < 0.001), supporting H2. Both
constructs were also positively associated with virtual
reality learning experience. Environmental knowledge
demonstrated a significant effect (B = 0.312, C.R. = 6.490,
p < 0.001), supporting H3, whereas environmental skills
produced the strongest coefficient among the
antecedents of virtual reality learning experience (B =
0.451, C.R. = 8.804, p < 0.001), supporting Hs.

Virtual reality learning experience was positively
associated with sustainable lifestyle (B = 0.373, C.R. =
6.569, p < 0.001), supporting H5. This coefficient
exceeded the direct effects of environmental knowledge
and environmental skills on sustainable lifestyle,
indicating that the quality of the virtual reality learning
experience constituted the strongest direct predictor
within the specified model. Environmental attitude,
included as a control variable, also showed a positive and

statistically significant association with sustainable
lifestyle (B = 0.138, C.R. = 2.809, p = 0.005).

The standardized structural coefficients produced
model-implied indirect effects through VR learning
experience. The indirect effect of environmental
knowledge on sustainable lifestyle was 0.116, calculated
as the product of the environmental knowledge-VR
learning experience path (0.312) and the VR learning
experience-sustainable lifestyle path (0.373). The
corresponding indirect effect of environmental skills was
0.168, calculated from (0.451 x 0.373).

The explanatory power of the structural model was
evaluated using the squared multiple correlations (R?) of
the endogenous constructs (Table 8). Perceived
environmental knowledge and perceived environmental
action competence jointly explained 51.4% of the
variance in perceived VR learning experience. Perceived
environmental knowledge, perceived environmental
action competence, perceived VR learning experience,
and environmental attitude collectively explained 68.7%
of the variance in short-term self-reported sustainable
lifestyle.
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Table8. Squared Multiple Correlations for the Endogenous Constructs

Endogenous Construct Predictors Included in the Model

R? Explained Variance

VR Learning Experience

Sustainable Lifestyle

Environmental Knowledge and Environmental Skills 0.514

Environmental Knowledge, Environmental Skills, VR 0.687
Learning Experience, and Environmental Attitude

The predictors explained 51.4% of the
variance in VR learning experience.

The predictors explained 68.7% of the
variance in sustainable lifestyle.

These results indicate that the specified model accounted
for a substantial proportion of variance in both
endogenous constructs. Nevertheless, the R2? values
represent  explanatory  associations  within a
nonrandomized, single-group structural model and
should not be interpreted as evidence that VR exposure
caused changes in sustainable lifestyle.

5. DISCUSSION

The structural model identified significant temporally
ordered associations among environmental knowledge,
environmental  skills, VR learning  experience,
environmental attitude, and sustainable lifestyle. VR
learning experience showed the strongest standardized
association with sustainable lifestyle, followed by
environmental skills and environmental knowledge. VR
learning experience also statistically mediated the
associations  of environmental knowledge and
environmental skills with sustainable lifestyle.

These findings should be interpreted within the
methodological boundaries of the study. All participants
received the same VR intervention, and no randomized
allocation, untreated control group, or non-VR
comparison condition was included. The estimated
structural paths therefore indicate associations
consistent with the proposed temporal sequence rather
than definitive causal effects.

Sustainable lifestyle was assessed through self-
reported behavior approximately two weeks after the VR
intervention. The outcome consequently represents
short-term perceived behavioral enactment rather than
objectively verified or sustained environmental behavior.
The observed relationships may also reflect social
desirability, recall limitations, self-selection, pre-existing
environmental orientation, and novelty associated with
immersive technology. These limitations do not invalidate
the structural associations, but they restrict the strength
and duration of the inferences that can be drawn from
them.

5.1. Environmental Sustainable
Lifestyle

Knowledge and

Environmental knowledge was positively associated with
sustainable lifestyle. Students who reported stronger
understanding of ecological systems, environmental
problems, sustainable action alternatives, and the relative
effectiveness of environmental actions also reported

more frequent sustainability-related practices. This result
is consistent with environmental literacy theory, which
positions knowledge as a foundational component of
environmentally responsible behavior [9], [10].

The finding also supports the distinction among
system knowledge, action-related knowledge, and
effectiveness knowledge [11]. System knowledge enables
students to understand how ecological systems function
and how human activities generate environmental
consequences. Action-related knowledge identifies
behavioral  alternatives  capable  of  reducing
environmental pressure. Effectiveness knowledge
supports comparison of the relative environmental effects
of available actions. These forms of knowledge may allow
students to evaluate the consequences of energy use,
mobility, consumption, and waste-management practices
more systematically.

Previous research has similarly indicated that
environmental  education is  associated  with
improvements in environmental knowledge, attitudes,
behavioral intentions, and reported behavior [68].
Environmental knowledge has also been associated with
pro-environmental behavior among university students
through  environmental  attitude,  environmental
sensitivity, and related psychological mechanisms [69].
The present findings are therefore compatible with the
proposition that environmental knowledge provides the
cognitive basis for recognizing unsustainable practices
and identifying lower-impact alternatives.

The standardized association between
environmental knowledge and sustainable lifestyle was
smaller than the corresponding associations for
environmental skills and VR learning experience. This
pattern indicates that environmental understanding
alone may not be sufficient to support consistent
behavioral enactment. The interpretation is consistent
with research on the knowledge-action and value-action
gaps, which shows that environmentally informed
individuals may continue unsustainable practices
because of habits, cost, convenience, limited perceived
control, weak social norms, inadequate infrastructure, or
restricted access to feasible alternatives [70]-[73].

Environmental knowledge may also influence
behavior indirectly through perceived responsibility,
psychological ~ commitment,  private-sphere  pro-
environmental behavior, and institutional support [74],
[75]. Knowledge should therefore be treated as a
necessary cognitive resource rather than as a complete
explanation of sustainable lifestyle.

490




[ www.ijeedu.com ]

This qualification is particularly relevant because
sustainable lifestyle encompasses multiple behavioral
domains. Energy conservation, low-carbon mobility,
waste avoidance, responsible consumption, repair, reuse,
and recycling involve different opportunities, constraints,
and decision processes [5]-[7]. Meta-analytic evidence
indicates that pro-environmental behaviors across
different domains are only moderately related, which
means that participation in one sustainable practice does
not necessarily predict consistent participation in others
[76].

Environmental education should consequently
emphasize actionable knowledge rather than factual
information alone. Students require understanding of
environmental processes, available behavioral responses,
differences in action effectiveness, and the practical
trade-offs associated with implementation. This
interpretation is consistent with intervention research
indicating that environmental education produces more
relevant behavioral outcomes when it is theoretically
grounded, behaviorally specific, and connected to
measurable practices [77].

5.2. Environmental Skills and Sustainable Lifestyle

Environmental skills showed a stronger direct association
with sustainable lifestyle than environmental knowledge.
This result suggests that action-oriented competence is
more closely connected to behavioral implementation
than conceptual understanding alone.

Environmental skills include the capacity to identify
environmental problems, evaluate information, compare
alternatives, assess trade-offs, plan feasible responses,
and maintain decisions under practical constraints. These
competencies are required because sustainable lifestyle
practices are rarely implemented under ideal conditions.
Decisions concerning transportation, product selection,
energy use, waste prevention, repair, and reuse are
commonly shaped by price, convenience, accessibility,
time, social expectations, and established routines.

The finding is consistent with the action-competence
approach, which conceptualizes learners as informed and
reflective participants capable of analyzing sustainability
problems, evaluating possible actions, and intentionally
influencing individual or collective conditions [22], [78]. It
also  corresponds  with  sustainability-competency
frameworks that emphasize systems thinking,
anticipatory competence, normative evaluation, strategic
planning, and interpersonal competence in addition to
environmental knowledge [79], [80].

The stronger association of environmental skills with
sustainable lifestyle is also compatible with broader
models of pro-environmental behavior. Such models
indicate that behavioral enactment depends not only on
knowledge or attitude but also on perceived behavioral
control, intentions, norms, efficacy, and practical
feasibility [16], [17]. Students may understand that a
specific behavior is environmentally preferable but
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remain unable to implement it when they cannot assess
available alternatives or manage competing constraints.

Critical evaluation is especially relevant in
contemporary consumption contexts. Sustainability
claims may differ substantially in validity, specificity, and
environmental significance. Students require
environmental skills to evaluate product information,
identify potentially misleading claims, compare durability
and lifecycle effects, and distinguish substantive
environmental  performance from  greenwashing.
Research on greenwashing education similarly
emphasizes critical environmental literacy as a
mechanism  for  evaluating  sustainability-related
information [81].

The findings therefore support an educational
approach that combines conceptual instruction with
applied decision-making. Sustainability education should
include problem analysis, comparison of behavioral
scenarios, evaluation of environmental claims, decision-
making under resource constraints, and preparation of
feasible action plans. Intervention evidence indicates that
pro-environmental behavior is more likely to improve
when educational activities are linked to specific
practices and behavioral mechanisms [77].

Environmental skills can consequently be
understood as a behavior-proximal component of
environmental literacy. Knowledge establishes what
students understand about environmental problems and
possible  solutions.  Skills influence how that
understanding is evaluated and applied in situations
involving uncertainty, competing priorities, and
implementation barriers.

5.3. Environmental Literacy as an Antecedent of VR
Learning Experience

Environmental knowledge and environmental skills were
positively associated with VR learning experience. This
finding indicates that the perceived quality of immersive
learning was shaped not only by the technological
features of the virtual environment but also by learners’
prior cognitive and action-oriented capacities.

Environmental knowledge may function as a
cognitive scaffold during immersive learning. VR
environments present visual, auditory, spatial, and
interactive information simultaneously. Students require
prior conceptual structures to organize these stimuli and
connect simulated events with ecological systems,
environmental consequences, and sustainable action
alternatives. Without sufficient environmental knowledge,
an immersive simulation may be perceived as engaging
while remaining conceptually fragmented.

This interpretation positions VR as an experiential
extension of conceptual learning rather than as a
substitute for prior instruction [24], [39], [82]. Students
who understand causal relationships among consumption,
energy use, transportation, waste, emissions, and
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ecological degradation may be better able to interpret the
meaning of virtual environmental changes and feedback.

Environmental skills showed a stronger association
with VR learning experience than environmental
knowledge. This pattern suggests that evaluative and
decision-making competence may increase students’
capacity to use the interactive affordances of VR. Students
with stronger environmental skills may be more capable
of comparing simulated alternatives, interpreting
feedback, observing action-consequence relationships,
and reflecting on the transferability of virtual decisions to
everyday behavior.

The result is consistent with the Cognitive Affective
Model of Immersive Learning, which proposes that
technological affordances influence learning through
cognitive and affective processes, including attention,
motivation, interest, self-efficacy, embodiment, cognitive
load, agency, and self-regulation [39]. Immersion and
interactivity may facilitate learning through presence and
agency, whereas excessive cognitive load may disrupt
attention and reduce perceived presence [83].

Systematic reviews have indicated thatimmersive VR
can support learning outcomes, but its effectiveness
varies according to instructional design, interaction
quality, task structure, theoretical alignment, and learner
characteristics [23], [24]. The present results suggest that
environmental literacy constitutes one component of
learner readiness. Students may derive greater
educational value from immersive simulations when they
possess the conceptual and strategic competencies
required to interpret environmental information and
evaluate interactive choices.

This finding supports the inclusion of structured
preparation before VR-based sustainability instruction.
Pre-intervention activities may activate relevant
ecological concepts, clarify action-effect relationships,
and introduce the decision criteria required within the
simulation. Such preparation may reduce unnecessary
cognitive demands and support more coherent
interpretation of immersive content.

5.4. VR Learning Experience and Sustainable Lifestyle

VR learning experience was positively associated with
sustainable lifestyle at the two-week follow-up. Students
who perceived the VR session as more immersive, realistic,
interactive, relevant, and transferable also reported more
frequent sustainable lifestyle practices.

The finding is consistent with the Cognitive Affective
Model of Immersive Learning, which explains that
immersive learning may operate through presence,
agency, motivation, self-efficacy, embodiment, self-
regulation, and cognitive load [83]. It also corresponds
with environmental VR research indicating that immersive
or embodied experiences may support environmental
learning, conservation-related responses, response
efficacy, environmental self-efficacy, and pro-
environmental behavioral intentions [30]-[32], [84], [85].
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Several mechanisms may explain the observed
association. Immersive scenarios can represent
environmental consequences that are otherwise delayed,
spatially distant, cumulative, or difficult to observe. Visual
and interactive feedback may clarify relationships
between individual decisions and environmental
outcomes. Agency may allow students to compare
behavioral alternatives and observe the simulated
consequences of their choices. Perceived realism and
presence may increase the personal relevance of the
represented environmental problem.

The result should not be interpreted as evidence that
VR independently caused durable behavioral change.
Sustainable lifestyle was measured through self-report,
and the follow-up period was limited to approximately two
weeks. The finding therefore indicates a short-term
statistical association between perceived VR learning
quality and reported sustainability-related behavior.

Self-reported environmental behavior may differ
from objectively observed behavior and may be affected
by measurement error, recall bias, self-presentation, or
socially desirable responding [86], [87]. The
environmental focus of the intervention may have
increased the salience of expected behavior and
influenced subsequent reporting [88], [89].

Novelty may also have contributed to the association.
Participants with limited prior VR experience may have
shown temporarily increased attention, engagement,
perceived relevance, or willingness to report sustainable
practices because the instructional format was unfamiliar
[90]. This possibility is consistent with evidence that
immersive technology is not inherently superior to
conventional media and may generate distraction or
excessive cognitive load when instructional design is
inadequate [28], [52].

The significant structural path should therefore be
attributed to the perceived quality of the learning
experience rather than to VR technology as an isolated
medium. Relevant components include presence,
interactivity, agency, feedback, reflection, conceptual
alignment, and perceived transfer. Because the study did
not include a comparison group, no conclusion can be
drawn regarding whether immersive VR was more
effective than classroom instruction, video-based
learning, desktop simulation, or other forms of
experiential education.

5.5. Potential Indirect Pathways Through VR Learning
Experience

VR learning experience statistically mediated the
associations  of  environmental knowledge and
environmental skills with sustainable lifestyle. Students
with stronger environmental literacy tended to report a
more meaningful immersive learning experience, which
was subsequently associated with more frequent self-
reported sustainable lifestyle practices.
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The findings represent indirect associations within a
temporally ordered SEM model. They should not be
interpreted as experimental evidence that VR caused
behavioral change. The results are nevertheless
consistent with experiential learning perspectives, which
associate learning with concrete experience, reflection,
conceptual interpretation, and application [91]. They are
also compatible with the Cognitive Affective Model of
Immersive Learning, which explains how presence,
agency, motivation, embodiment, self-efficacy, cognitive
load, and self-requlation may influence immersive
learning outcomes [39], [83].

The indirect pathway from environmental knowledge
to sustainable lifestyle through VR learning experience
can be interpreted as a process of knowledge
concretization. Environmental knowledge may remain
abstract when environmental consequences are
temporally delayed or not directly observable. VR may
represent those consequences as visible, immediate,
interactive, and connected to everyday decisions.

Students with stronger prior knowledge may
interpret these representations more coherently because
they can connect simulated events with ecological
concepts, environmental processes, and action-effect
relationships. This interpretation is consistent with
research indicating that immersive VR may support
climate-change learning, environmental awareness,
conservation responses, efficacy beliefs, and pro-
environmental intentions [84], [85], [92].

The indirect pathway from environmental skills to
sustainable lifestyle through VR learning experience can
be interpreted as a process of simulated behavioral
application. Students with stronger evaluative and
decision-making capacities may use VR more effectively
as a controlled environment for comparing alternatives,
interpreting feedback, observing consequences, and
reflecting on potential behavioral transfer [23], [24], [93].

The stronger indirect association involving
environmental skills suggests that immersive learning
may be particularly relevant when participants possess
the competencies required to use interactive scenarios
strategically. VR does not independently create
environmental competence. Its learning value may
depend on participants' capacity to evaluate options and
interpret simulated consequences.

Alternative explanations remain possible. Students
who completed all three measurement waves may have
differed from non-completers in environmental interest,
academic motivation, openness to immersive learning, or
pre-existing sustainable habits. Environmental attitude
was statistically controlled, but unmeasured factors such
as environmental identity, peer norms, campus culture,
institutional support, and previous behavioral routines
may still have influenced both VR learning experience and
sustainable lifestyle [16], [17], [94].

VR learning experience should therefore be
understood as a plausible complementary mechanism
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linking environmental literacy with short-term self-
reported sustainable lifestyle. The present design does
not establish whether this mechanism produces stable
behavior beyond the follow-up period.

5.6. Environmental Attitude as a Control Variable

Environmental attitude showed a significant positive
association with sustainable lifestyle. Students with more
favorable evaluations of environmental protection and
ecological balance reported more frequent sustainable
practices. This result is consistent with the New
Ecological Paradigm and environmental psychology
literature, which position attitude as one determinant of
pro-environmental behavior alongside values, norms,
perceived responsibility, behavioral control, and
contextual support [95]-[97].

The standardized association of environmental
attitude with sustainable lifestyle was smaller than the
corresponding associations for environmental skills and
VR learning experience. This pattern indicates that
favorable environmental evaluation alone does not fully
explain behavioral implementation.

Positive attitudes may fail to translate into
sustainable practices when individuals encounter
habitual routines, financial costs, inconvenience, limited
efficacy, social norms, restricted behavioral control, or
inadequate access to sustainable alternatives. This
interpretation is consistent with research on the attitude-
behavior gap, which emphasizes self-efficacy, perceived
effectiveness, trust, institutional support, and feasible
behavioral opportunities as conditions that influence
whether attitudes are enacted [98]-[101].

Environmental attitude was included as a control
variable rather than as a central explanatory construct. Its
inclusion allowed the associations of environmental
knowledge, environmental skills, and VR learning
experience with sustainable lifestyle to be estimated after
accounting for students’ general pro-environmental
orientation.

The principal predictors remained statistically
significant after controlling for environmental attitude.
This result indicates that their associations with
sustainable lifestyle were not reducible to general
environmental concern alone. The model therefore
supports a differentiated interpretation in which
environmental attitude represents evaluative orientation,
environmental  knowledge  represents  cognitive
understanding, environmental skills represent action
capacity, and VR learning experience represents
perceived experiential relevance [83], [102], [103].

5.7. Theoretical and Practical Implications

This study provides theoretical and practical implications
for environmental literacy, sustainable lifestyle, and
immersive learning research. Theoretically, it advances
environmental literacy literature by distinguishing
environmental knowledge and environmental skills as
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separate predictors of sustainable lifestyle. The findings
show that knowledge supports conceptual understanding,
while skills are more directly linked to behavioral
implementation. The study also strengthens sustainable
lifestyle research by treating sustainable lifestyle as a
multidomain behavioral outcome covering energy saving,
low-carbon mobility, waste avoidance, responsible
consumption, repair, reuse, and recycling, consistent with
the General Ecological Behavior framework [5], [11].

This study also contributes to immersive learning
theory by positioning VR learning experience as a
mediating mechanism rather than merely a technological
intervention. The findings show that VR helps translate
environmental knowledge and skills into sustainable
lifestyle practice through presence, agency, realism,
interactivity, and perceived transfer [24], [39]. By
integrating environmental literacy, environmental
behavior, Education for Sustainable Development, and
immersive learning perspectives, the study demonstrates
that sustainable lifestyle is best explained through the
combined role of knowledge, skills, attitude, and
immersive experiential learning [104] - [106].

Sustainability educators should not use VR as a
stand-alone instructional activity. VR-based sustainability
learning should be embedded in a structured pedagogical
sequence consisting of pre-VR conceptual preparation,
decision-based immersive scenarios, guided reflection,
and post-VR behavioral tasks. Pre-VR preparation should
activate system knowledge, action-related knowledge,
and effectiveness knowledge. During VR exposure,
students should be required to compare alternatives,
observe environmental consequences, and justify their
decisions. Post-VR activities should translate simulated
decisions into specific behavioral commitments, such as
reducing single-use items, monitoring household energy
use, or documenting low-carbon mobility choices over a
defined period.

5.8. Limitations and Future Research Directions

The interpretation of sustainable lifestyle is limited by the
use of self-reported data at a two-week follow-up. Such
measures may be affected by social desirability bias,
recall bias, self-presentation, and heightened awareness
immediately after an intervention. The findings may also
be influenced by novelty effects, especially among
students with limited prior VR experience, and by self-
selection bias among students who were willing to
participate in a VR-based environmental learning activity.
Although environmental attitude was included as a
control variable, pre-existing environmental concern,
environmental identity, and prior sustainability habits
may still have influenced the observed associations.
Future research should employ randomized controlled or
quasi-experimental designs, include non-VR comparison
groups, extend follow-up periods, and incorporate
objective behavioral indicators such as waste-sorting
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accuracy, transport diaries, energy-use records, recycling
participation, purchase behavior, or digital behavior logs.”

6. CONCLUSION

This study provides evidence that environmental skills and
perceived VR learning experience are more strongly
associated with short-term self-reported sustainable
lifestyle than environmental knowledge alone. Its main
contribution lies in distinguishing environmental
knowledge and environmental skills as separate
environmental literacy components and in examining VR
learning experience as a potential intermediate construct
within a three-wave CB-SEM framework. Because the
design did not include random assignments, a non-VR
comparison group, or objective behavioral indicators, the
findings should be interpreted as temporally ordered
associations rather than evidence of sustained behavioral
change caused by VR exposure.

The findings should be interpreted within the study’s
methodological boundaries. The design did not include
random assignment ora non-VR control group; the sample
was selected through purposive sampling with quota
control, and sustainable lifestyle was measured through
self-report two weeks after the intervention. Therefore,
the results do not establish that VR independently
produced objective or sustained behavioral change.
Future research should use comparison groups, longer
follow-up periods, broader sampling strategies, and
objective behavioral indicators to examine whether VR-
based sustainability learning is associated with stable
behavioral outcomes over time.
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Table S1. Measurement items, study constructs, and corresponding source references.

Construct Code Measurement Item Source Adaptation
Environmental EK1 | understand how daily activities such as energy use, transportation,  Frick et al. (2004) [11]
Knowledge and consumption contribute to environmental problems.
EK2 | know practical actions that can reduce waste and the use of single-  Frick et al. (2004) [11]
use products.
EK3 | understand which daily actions are relatively more effective in Frick et al. (2004) [11]
reducing carbon footprint.
Environmental ES1 | am able to compare different product, transportation, or energy- Olsson et al. (2020) [12]
Skills use alternatives based on their environmental impacts.
ES2 | am able to evaluate environmental information or sustainability Olsson et al. (2020) [12]
claims before making decisions.
ES3 I am able to develop realistic steps to change my habits toward more  Olsson et al. (2020) [12]
sustainable practices.
VR Learning VRLE1 During the VR experience, | felt present as if | were inside the virtual ~ Schubert et al. (2001) [25]; Witmer
Experience environment. and Singer (1998) [26]
VRLE2 My attention was focused on the VR experience and was not easily Schubert et al. (2001) [25]
distracted by the real environment.
VRLE3 The environmental impacts shown in VR felt realistic and relevantto ~ Schubert et al. (2001) [25];
real life. Makransky and Petersen (2021) [39]
VRLE4 The interactions in VR helped me understand the relationship Makransky and Petersen (2021) [39]
between lifestyle choices and ecological consequences.
Sustainable SL1 In the last two weeks, | turned off lights or electrical devices when Kaiser (1998) [5]; Kaiser and Wilson
Lifestyle they were not in use. (2004) [6]
SL2 In the last two weeks, | reduced the use of single-use items such as Kaiser (1998) [5]; Lange and
plastic bags, disposable bottles, or packaging. Dewitte (2019) [7]
SL3 In the last two weeks, | chose walking, cycling, ride-sharing, or Kaiser and Wilson (2004) [6]; Lange
public transportation whenever possible. and Dewitte (2019) [7]
SL4 In the last two weeks, | sorted waste, recycled, repaired, or reused Kaiser (1998) [5]; Kaiser and Wilson
items that were still usable. (2004) [6]
Environmental EA1 Humans are severely abusing the environment. Dunlap et al. (2000) [95]
Attitude
EA2 The balance of nature is very delicate and easily upset by human Dunlap et al. (2000) [95]
activities.
EA3 Unlimited consumption growth may cause serious environmental Dunlap et al. (2000) [95]

problems.

Table S2. Participant Flow Across the Three-Wave Data Collection

Stage Description Participants Exclusion or Loss

Initial Students approached through participating faculties or study programs 465 -

recruitment

Eligibility Students who met inclusion criteria and passed VR safety screening 442 23

screening

Time 1 Completed the pre-VR questionnaire measuring environmental knowledge, 430 12
environmental skills, environmental attitude, and background variables

VR session Completed the standardized VR environmental learning intervention 419 11

Time 2 Completed the post-VR questionnaire measuring VR learning experience and 414 5
cybersickness symptoms

Time 3 Completed the two-week follow-up questionnaire measuring sustainable lifestyle 405 9

Data screening Responses retained after screening for missing data, attention checks, straight- 400 5
lining, and response-time quality

Final sample Valid responses used for CFA and CB-SEM analysis 400 —
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