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Abstract

The Technological Pedagogical Content Knowledge (TPACK) framework has been widely applied to
examine teachers’ competencies for technology integration; however, validated instruments designed to
assess students’ perceptions of technology-supported learning remain limited. Addressing this gap, the
present study developed and psychometrically validated a student-centered TPACK-based assessment
instrument for evaluating university students’ perceptions of technology-supported environmental
learning in higher education. The study extends the application of the TPACK framework beyond teacher
education by adapting it to a student-centered context and proposes a conceptual framework linking
TPACK with technology-supported environmental learning within Education for Sustainable Development
(ESD).

Data were collected from 115 undergraduate students at Abai Kazakh National Pedagogical University
(Kazakhstan). The final instrument comprised 41 items representing the seven dimensions of the TPACK
framework. Psychometric evaluation included reliability analysis, exploratory factor analysis, descriptive
statistics, and correlation analysis. The instrument demonstrated excellent internal consistency
(Cronbach’s a =0.914-0.972), high Composite Reliability (0.952-0.968), and satisfactory convergent
validity (AVE = 0.769-0.868). Construct validity was supported by exploratory factor analysis (KMO =
0.929; Bartlett's Test of Sphericity: x2 = 6863, df = 820, p < .001). Significant positive correlations among
all TPACK dimensions further confirmed the theoretical coherence of the proposed framework.

The study contributes to the educational technology literature by providing a validated student-centered
TPACK-based instrument for evaluating technology-supported environmental learning. The proposed
instrument offers researchers and higher education institutions an evidence-based tool for curriculum
evaluation, digital learning research, and the implementation of Education for Sustainable Development
in technology-enhanced learning environments.

1. Introduction

Technological Pedagogical Content Knowledge (TPACK) is widely recognized as a theoretical framework
explaining the interaction between technology, pedagogy, and subject content in effective learning
environments (Koehler & Mishra, 2009; Mishra & Koehler, 2006). Building on Shulman'’s concept of
Pedagogical Content Knowledge (PCK), TPACK emphasizes that meaningful learning emerges not from
isolated competencies, but through the integrated application of technological, pedagogical, and
content-related knowledge (Chai et al., 2013; Shulman, 1986; Voogt et al., 2013). In contemporary higher
education, the framework has become increasingly important in the context of Education for Sustainable
Development (ESD), where digital technologies support interactive, student-centered, and sustainability-
oriented learning processes (OECD, 2017; Wals, 2015).

To better illustrate the theoretical structure of the TPACK framework and the interaction between
technology, pedagogy, and content knowledge, Fig. 1 presents the integrated conceptual model
underlying technology-supported learning.
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This framework explains the relationships among three major domains: Technology Knowledge (TK),
Pedagogical Knowledge (PK), and Content Knowledge (CK), together with their integrated intersections
(Chai et al., 2013; Koehler & Mishra, 2009). Rather than viewing technology as a separate instructional
component, the framework conceptualizes digital tools as embedded within pedagogical strategies and
subject content (Voogt et al., 2013). In environmental education, this integration supports students’
engagement with sustainability-related issues through simulations, collaborative learning, visualizations,
and interactive digital resources (Monroe et al., 2019; Zsdka et al., 2013).

Although several frameworks have been proposed to describe digital competence in education, such as
DigCompEdu and the SAMR model, these frameworks primarily focus on teachers’ digital skills or levels
of technology integration. In contrast, this framework explicitly conceptualizes the interaction among
technological, pedagogical, and content knowledge, making it particularly appropriate for examining
learning environments in which technology supports subject-specific understanding. Because
environmental literacy requires not only the acquisition of environmental knowledge but also the
integration of appropriate pedagogical approaches and digital learning resources, TPACK provides a
more comprehensive theoretical foundation for the development of the present assessment instrument.

Environmental literacy is commonly defined as a multidimensional construct that includes environmental
knowledge, attitudes, critical thinking, and environmentally responsible behavior (McBride et al., 2013;
Roth, 1992). Recent sustainability-oriented research further conceptualizes environmental literacy as a
transformative learning process involving systems thinking, participatory engagement, and action-
oriented competencies (Ardoin et al., 2020; Hollweg et al., 2011). Technology-supported learning
environments are therefore considered an important pedagogical context for supporting environmental
learning and the implementation of Education for Sustainable Development (ESD) in higher education
(Aitbayeva et al., 2021; Turarbekova et al., 2022).

The conceptual basis of the present study assumes that technology-supported environmental learning
environments create pedagogical conditions that support meaningful student learning within the context
of Education for Sustainable Development. Accordingly, the proposed instrument evaluates students’
perceptions of these learning environments rather than environmental literacy outcomes themselves.
Technology-supported pedagogical strategies enable learners to explore environmental content through
inquiry, collaboration, problem solving, and critical reflection, thereby enhancing the quality of
environmental learning experiences. Within this framework, TK contributes to students’ ability to access
and analyze environmental information, PK supports collaborative and problem-based learning activities,
while CK provides conceptual understanding of sustainability issues such as climate change, pollution,
and ecological responsibility (Boeve-de Pauw & Van Petegem, 2013). Previous TPACK research has
primarily focused on teachers’ competencies and technology integration. Comprehensive reviews have
consistently reported that the majority of TPACK studies have examined preservice and in-service
teacher education, while comparatively little attention has been devoted to students’ learning
experiences and learning outcomes (Chai et al., 2013; Wang et al., 2018). Existing instruments rarely
examine how the interaction of technology, pedagogy, and content shapes students’ technology-
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supported environmental learning experiences from a student-centered perspective (Schmid et al., 2021;
Schmidt et al., 2009; Valtonen et al., 2017; Ardoin et al., 2020).

The present study addresses this gap by applying TPACK as a student-centered analytical framework.
Instead of evaluating teachers’ instructional competencies, the study investigates students’ perceptions
of technology-supported environmental learning experiences and validates a student-centered
assessment instrument for this purpose. This approach extends the application of TPACK beyond
instructional design toward the analysis of sustainability-oriented learning processes.

To explain the relationships between technology-supported environmental learning and the TPACK
framework, the study proposes the conceptual framework presented in Fig. 2.

Figure 2. Proposed conceptual framework illustrating the relationships between the TPACK framework
and technology-supported environmental learning in higher education.

The framework assumes that effective integration of technology, pedagogy, and environmental content
creates technology-supported environmental learning environments that facilitate meaningful student
learning within the context of Education for Sustainable Development. The conceptual framework
proposes that technology, pedagogy, and environmental content interact to shape students’ perceptions
of technology-supported environmental learning experiences in higher education (Ardoin et al., 2020;
Hollweg et al., 2011).

The relationship between TPACK domains and the components of environmental literacy is summarized
in Table 1.
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Table 1
Relationship between TPACK Domains and Technology-Supported Environmental Learning

TPACK Role in Learning Role in Technology-Supported Example
Domain Process Environmental Learning
TK Use of digital tools Accessing environmental Searching environmental
information data
CK Understanding Understanding environmental Climate change,
environmental content sustainability
concepts
PK Learning strategies Supporting active learning Discussions, problem-
based learning
PCK Teaching Facilitating concept Case studies
environmental topics understanding
TCK Technology for Digital representation of Simulations
presenting content environmental concepts
TPK Technology in learning Technology-enhanced Digital projects
activities collaboration
TPACK Integrated learning Integration of technology, Technology-supported
environment pedagogy and environmental environmental learning
content

Technological Content Knowledge (TCK) supports the visualization and presentation of environmental
concepts through simulations and digital resources. Technological Pedagogical Knowledge (TPK)
enhances collaborative and inquiry-based learning activities (Monroe et al., 2019; Zsdka et al., 2013),
while the integrated TPACK domain represents the overall effectiveness of digitally supported
environmental learning (Koehler & Mishra, 2009; Voogt et al., 2013).

In Kazakhstan, recent studies have increasingly focused on environmental education, sustainable
development, and the digital transformation of higher education. Previous research has highlighted the
growing integration of sustainability-related topics into university curricula and the expanding use of
digital technologies to support student learning (Aitbayeva et al., 2021; Turarbekova et al., 2022). In
addition, OECD reports have emphasized the importance of strengthening both digital competencies and
sustainability-oriented education within Kazakhstan's higher education system (OECD, 2017).

Despite these developments, existing studies have primarily examined institutional reforms,
digitalization processes, and general environmental education practices. Limited attention has been
given to understanding students’ perceptions of technology-supported environmental learning and to
developing validated student-centered assessment instruments for this context. Furthermore, no
validated student-centered instrument based on the framework has been developed to assess the
relationship between technology-enhanced learning and environmental literacy among university
students in Kazakhstan.
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Therefore, the present study addresses this gap by developing and validating a student-centered TPACK-
based assessment instrument for evaluating university students’ perceptions of technology-supported
environmental learning in technology-supported higher education contexts. By focusing on students’
learning experiences rather than teachers’ competencies, the study extends the application of the
framework and provides empirical evidence from the context of Kazakhstan.

Research Questions

1. RQ1. Is the proposed TPACK-based instrument reliable for assessing technology-supported
environmental learning experiences among university students?

2. RQ2. Does the instrument demonstrate acceptable construct validity?

3. RQ3. What is the factor structure of the proposed TPACK-based instrument?

Hypotheses

H1: TPACK-related domains are positively correlated within students’ perceptions of technology-
supported environmental learning.

To the best of our knowledge, no validated student-centered TPACK-based instrument has been
developed specifically for assessing technology-supported environmental learning among university
students in Kazakhstan.

2. Methodology
2.1 Instrument Development

This study was guided by the Technological Pedagogical Content Knowledge (TPACK) framework
(Mishra & Koehler, 2006; Koehler & Mishra, 2009) to develop and validate a student-centered assessment
instrument for evaluating university students’ perceptions of technology-supported environmental
learning. Unlike previous TPACK-based instruments, which were primarily designed to assess teachers’
technological and pedagogical competencies, the present instrument was specifically developed to
capture students’ perceptions of learning experiences in technology-supported environmental education.

The instrument development followed established procedures for educational scale construction
(DeVellis, 2016; Worthington & Whittaker, 2006). First, an extensive review of the literature on TPACK,
technology-enhanced learning, environmental education, and Education for Sustainable Development
(ESD) was conducted to define the theoretical domains and generate an initial pool of questionnaire
items. Existing TPACK instruments were examined to identify appropriate item structures and
measurement approaches; however, all questionnaire items were adapted and reformulated to reflect
students’ learning experiences rather than teachers’ instructional competencies.

The questionnaire was organized according to the seven domains of the TPACK framework:
Technological Knowledge (TK), Content Knowledge (CK), Pedagogical Knowledge (PK), Pedagogical
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Content Knowledge (PCK), Technological Content Knowledge (TCK), Technological Pedagogical
Knowledge (TPK), and Technological Pedagogical Content Knowledge (TPACK). Rather than assessing
environmental literacy directly, the instrument evaluated students’ perceptions of how technology-
supported learning environments facilitate understanding of environmental topics, engagement with
sustainability-related content, and integration of technology into the learning process.

To establish content validity, the preliminary questionnaire was reviewed by specialists in educational
technology, pedagogy, and environmental education following established validation procedures
(Haynes et al., 1995). Based on their recommendations, several items were revised, reworded, or
removed to improve conceptual clarity and correspondence with the theoretical constructs. The revised
version was subsequently pilot-tested before psychometric validation.

The final instrument consisted of 41 items distributed across seven TPACK dimensions: Technological
Knowledge (TK, 7 items), Content Knowledge (CK, 6 items), Pedagogical Knowledge (PK, 6 items),
Pedagogical Content Knowledge (PCK, 6 items), Technological Content Knowledge (TCK, 4 items),
Technological Pedagogical Knowledge (TPK, 6 items), and Technological Pedagogical Content
Knowledge (TPACK, 6 items). Responses were recorded using a five-point Likert scale ranging from 1
(Strongly Disagree) to 5 (Strongly Agree).

As presented in Table 2, the instrument provides a comprehensive assessment of students’ perceptions
of technology-supported environmental learning through the integrated dimensions of the TPACK
framework.

Table 2
Structure of the Proposed TPACK-Based Assessment Instrument

Dimension Number of Items
Technology Knowledge (TK)
Content Knowledge (CK)

Pedagogical Knowledge (PK)

7
6
6
Pedagogical Content Knowledge (PCK) 6
Technological Content Knowledge (TCK) 4
Technological Pedagogical Knowledge (TPK) 6
Technological Pedagogical Content Knowledge (TPACK) 6

Total 41
2.2. Participants and Data Collection

The study involved 115 undergraduate students enrolled at Abai Kazakh National Pedagogical University
(Almaty, Kazakhstan). Participants represented different academic disciplines and years of study,
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providing a heterogeneous sample for validating the proposed assessment instrument.

During the semester, students participated in technology-supported learning activities incorporating
environmental topics. These activities included the use of digital learning resources, online discussions,
multimedia materials, collaborative assignments, digital presentations, and web-based information
retrieval. The purpose of these learning activities was to provide students with experience in technology-
supported environmental learning, which formed the basis for evaluating their perceptions through the
proposed TPACK-based instrument.

Data collection was conducted during the final weeks of the semester after students had completed the
learning activities. The questionnaire was administered online using a voluntary and anonymous survey
procedure. Before participation, students were informed about the purpose of the study and provided
informed consent. Completion of the questionnaire required approximately 15-20 minutes.

2.3. Data Analysis

Statistical analyses were performed using JASP software to evaluate the psychometric properties of the
proposed assessment instrument. Internal consistency was examined using Cronbach's alpha (a) and
Composite Reliability (CR). Convergent validity was assessed through the Average Variance Extracted
(AVE). The factor structure of the instrument was investigated using Exploratory Factor Analysis (EFA)
with Promax rotation, as correlations among the TPACK dimensions were theoretically expected.

The suitability of the data for factor analysis was evaluated using the Kaiser—Meyer-0lkin (KMO)
measure of sampling adequacy and Bartlett's Test of Sphericity. Descriptive statistics were calculated
for all questionnaire items and dimensions. In addition, Pearson correlation analysis was performed to
examine the relationships among the seven TPACK dimensions and to evaluate the internal coherence of
the proposed measurement framework.

3. Results
3.1 Reliability and Convergent Validity

The reliability and convergent validity of the proposed student-centered TPACK-based assessment
instrument were evaluated using Cronbach's alpha (a), Composite Reliability (CR), and Average Variance
Extracted (AVE). Cronbach's alpha and CR values above 0.70 indicate satisfactory internal consistency,
whereas AVE values above 0.50 provide evidence of convergent validity. The results are presented in
Table 3.
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Table 3

Reliability and Convergent Validity of the Proposed
TPACK-Based Assessment Instrument

Construct Items Cronbach'sa CR AVE

TK 1-7 0.949 0.967 0.805
CK 8-13 0.921 0.952 0.769
PK 14-19 0.936 0.960 0.802
PCK 20-25 0.935 0.960 0.802
TCK 26-29 00914 0.964 0.868
TPK 30-35 0.972 0.968 0.835
TPACK 36-41 0.947 0.960 0.802

Table 3 summarizes the reliability and convergent validity indicators for each TPACK dimension. To
provide a clearer visual representation of these results, Fig. 3 compares Cronbach'’s alpha coefficients
together with the corresponding number of items across the seven constructs. Table 3 summarizes the
reliability and convergent validity indicators for each TPACK dimension. Figure 3 presents a graphical
comparison of Cronbach's alpha coefficients and the number of items across the seven dimensions.

As shown in Table 3 and Fig. 3, Cronbach's alpha coefficients ranged from 0.914 to 0.972 across the
seven TPACK dimensions. The highest alpha coefficient was observed for Technological Pedagogical
Knowledge (TPK; a = 0.972), whereas the lowest coefficient was recorded for Technological Content
Knowledge (TCK; a=0.914). Composite Reliability (CR) values ranged from 0.952 to 0.968, and Average
Variance Extracted (AVE) values ranged from 0.769 to 0.868 for all constructs. All reliability and validity
indices exceeded the recommended threshold values reported in the literature.

3.2 Exploratory Factor Analysis

Exploratory Factor Analysis (EFA) was conducted to examine the construct validity of the proposed
student-centered TPACK-based assessment instrument. Prior to factor extraction, the suitability of the
data for factor analysis was evaluated using the Kaiser—Meyer—0lkin (KMO) measure of sampling
adequacy and Bartlett's Test of Sphericity. The results are presented in Table 4.
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Table 4

KMO Measure and Bartlett's Test of
Sphericity

Measure Value

Kaiser—Meyer—0lkin (KMO)  0.929

Bartlett's Test X2 6863
df 820
p-value <.001

As presented in Table 4, the KMO value was 0.929, while Bartlett's Test of Sphericity was statistically
significant (x2 = 6863, df = 820, p <.001). These results indicated that the data were suitable for
exploratory factor analysis.

The EFA extracted a seven-factor solution corresponding to the seven dimensions of the TPACK
framework. All questionnaire items demonstrated factor loadings above 0.50, meeting the
recommended criterion for factor retention. The extracted factors accounted for a substantial proportion
of variance across the proposed dimensions.

3.3 Descriptive Statistics

Descriptive statistics were calculated to summarize students' perceptions across the seven dimensions
of the proposed student-centered TPACK-based assessment instrument. The mean scores and standard
deviations for each construct are presented in Table 5.

The results indicate that students reported relatively high levels across all dimensions, with mean scores
ranging from 3.98 to 4.16 on a five-point scale. The highest mean score was observed for Content
Knowledge (CK) (M =4.16, SD = 0.74), followed closely by Technological Knowledge (TK) (M =4.16, SD =
0.88). The lowest mean score was found for Technological Content Knowledge (TCK) (M =3.98, SD =
0.89), although this value still reflects a generally positive perception.

Overall, the findings suggest that students perceived themselves as possessing strong technology-
related, pedagogical, and environmental content knowledge competencies. The relatively small standard
deviations indicate moderate variability in participants’ responses, suggesting a relatively consistent
pattern of perceptions across the sample.

Page 11/25



Table 5

Descriptive Statistics of the
Proposed TPACK-Based
Assessment Instrument

Construct Mean SD

TK 4158 0.876
CK 4161 0.744
PK 4094 0.784
PCK 4113 0.758
TCK 3.976 0.887
TPK 4.026 0.869
TPACK 4.035 0.806

As shown in Table 5, the mean scores ranged from 3.976 to 4.161 on a five-point Likert scale. The
highest mean score was observed for Content Knowledge (CK) (M =4.161, SD = 0.744), followed closely
by Technological Knowledge (TK) (M =4.158, SD = 0.876). The lowest mean score was recorded for
Technological Content Knowledge (TCK) (M = 3.976, SD = 0.887). Standard deviation values ranged from
0.744 10 0.887, indicating moderate variation in participants' responses across the seven TPACK
dimensions.

Figure 4 presents the distribution of the mean scores across the seven TPACK dimensions. All
constructs demonstrated mean values above the midpoint of the five-point scale, with relatively small
differences observed among the dimensions. Content Knowledge (CK) exhibited the highest mean score
(M =4.161), followed closely by Technological Knowledge (TK) (M = 4.158). This finding suggests that
students perceived themselves as relatively confident in their understanding of environmental concepts
and sustainability-related issues. The result may reflect the growing emphasis on environmental topics
within university curricula, as well as the increasing availability of digital resources and technology-
supported learning activities that facilitate access to environmental information. In contrast,
Technological Content Knowledge (TCK) showed the lowest mean score (M = 3.976), indicating that
integrating technological tools with environmental content may represent a greater challenge for
students. Furthermore, all dimensions demonstrated excellent internal consistency, with Cronbach’s
alpha coefficients ranging from 0.914 to 0.972.

Overall, these findings support the reliability and practical applicability of the proposed instrument for
assessing technology-supported environmental learning within the TPACK framework.

3.4 Correlation Analysis

Exploratory Factor Analysis (EFA) was conducted to examine the construct validity of the proposed
instrument. Prior to factor extraction, the suitability of the data was confirmed by the Kaiser—Meyer-
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Olkin (KMO) measure and Bartlett's Test of Sphericity. The KMO value of 0.929 indicated excellent
sampling adequacy, while Bartlett's Test was statistically significant (x2 = 6863, df =820, p <.001),
confirming that the correlation matrix was appropriate for factor analysis.

The exploratory analysis generally supported the proposed multidimensional structure of the instrument.
Most items demonstrated satisfactory loadings on their intended constructs, although several items
exhibited moderate cross-loadings. Given that this study represents the initial stage of instrument
development and validation, these findings were considered acceptable. Future studies employing
Confirmatory Factor Analysis (CFA) with larger and independent samples are recommended to further
verify the proposed seven-dimensional structure.

Table 6
Pearson Correlations Among the TPACK Dimensions
Variable TK CK PK PCK TCK TPK TPACK
TK 1.000 0.757 0.725 0.684 0.752 0.586 0.664
CK 0.757 1.000 0.843 0.843 0.769 0.730 0.714
PK 0.725 0.843 1.000 0.847 0.785 0.755 0.823
PCK 0.684 0.843 0.847 1.000 0.854 0.794 0.759
TCK 0.752 0.769 0.785 0.854 1.000 0.831 0.821
TPK 0.586 0.730 0.755 0.794 0.831 1.000 0.908
TPACK 0.664 0.714 0.823 0.759 0.821 0.908 1.000

As shown in Table 6, all correlation coefficients were positive and statistically significant. Correlation
coefficients ranged from 0.586 to 0.908, indicating moderate to strong relationships among the seven
TPACK dimensions. The strongest correlation was observed between Technological Pedagogical
Knowledge (TPK) and Technological Pedagogical Content Knowledge (TPACK) (r = 0.908), whereas the
weakest correlation was identified between Technological Knowledge (TK) and Technological
Pedagogical Knowledge (TPK) (r = 0.586). To facilitate interpretation of the correlation matrix, the
relationships among the seven dimensions are illustrated in Fig. 5.

Figure 5 visually represents the correlation network among the seven TPACK dimensions. Positive
associations were observed across all constructs, with variations in the strength of the relationships
corresponding to the coefficients reported in Table 6.

3.5. Summary of Key Findings

The results of the psychometric evaluation demonstrate that the proposed student-centered TPACK-

based assessment instrument exhibits satisfactory measurement properties. High levels of internal

consistency and convergent validity were observed across all seven TPACK dimensions. Exploratory

Factor Analysis supported the proposed seven-factor structure, while descriptive statistics indicated
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generally positive student perceptions of technology-supported environmental learning. In addition,
Pearson correlation analysis revealed positive relationships among all TPACK dimensions, confirming
the internal coherence of the proposed assessment framework. These findings provide the empirical
basis for the interpretation and discussion presented in the following section.

4. Discussion

The present study developed and psychometrically validated a student-centered TPACK-based
assessment instrument for evaluating university students’ perceptions of technology-supported
environmental learning in higher education. The findings demonstrate that the proposed instrument
possesses satisfactory psychometric properties and provide empirical support for extending the
application of the TPACK framework beyond its traditional focus on teachers’ professional
competencies. Rather than assessing teachers’ knowledge for technology integration, the instrument
captures how students perceive technology-supported learning experiences within environmental
education, thereby addressing an important gap identified in previous TPACK research.

The reliability analysis demonstrated excellent internal consistency across all seven dimensions of the
instrument. Cronbach’s alpha coefficients, Composite Reliability (CR), and Average Variance Extracted
(AVE) all exceeded the recommended thresholds, indicating that the constructs were measured
consistently and possessed satisfactory convergent validity. These findings are consistent with previous
validation studies of TPACK instruments (Schmidt et al., 2009; Chai et al., 2013; Schmid et al., 2021),
suggesting that the conceptual domains of technological, pedagogical, and content knowledge remain
stable when adapted from teacher-focused instruments to a student-centered context. Consequently, the
proposed instrument can be considered a reliable tool for investigating students’ perceptions of
technology-supported environmental learning.

Construct validity was further supported by the exploratory factor analysis. The Kaiser—Meyer—0lkin
statistic and Bartlett’s Test confirmed the suitability of the data for factor analysis, while the extracted
factor solution generally corresponded to the theoretically proposed multidimensional structure.
Although several items demonstrated moderate cross-loadings, this finding is not uncommon during the
initial stage of multidimensional instrument development, particularly for theoretically related constructs
such as TPACK. Because technological, pedagogical, and content knowledge are conceptually
interconnected, some degree of overlap among dimensions is expected. Nevertheless, the overall factor
structure remained interpretable and theoretically meaningful. Future research should further examine
the measurement model using Confirmatory Factor Analysis (CFA), Structural Equation Modeling (SEM),
and formal discriminant validity assessment with larger and independent samples.

The descriptive statistics revealed generally high scores across all TPACK dimensions, indicating that
students perceived technology-supported environmental learning positively. Content Knowledge and
Technological Knowledge achieved the highest mean scores, whereas Technological Content Knowledge
demonstrated comparatively lower values. This pattern may reflect the increasing availability of digital
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learning resources and environmental content in higher education, while simultaneously indicating that
integrating technological tools with discipline-specific environmental concepts remains a relatively
complex learning process. These findings suggest that future curriculum development should place
greater emphasis on helping students meaningfully connect digital technologies with environmental
problem-solving rather than focusing solely on technology use.

The correlation analysis further confirmed the integrated nature of the TPACK framework. Significant
positive relationships were observed among all seven dimensions, supporting the theoretical
assumption proposed by Mishra and Koehler (2006) that technological, pedagogical, and content
knowledge function as mutually reinforcing rather than independent constructs. Similar relationships
have previously been reported in teacher-focused TPACK studies (Schmidt et al., 2009; Chai et al., 2013).
The present findings extend this evidence by demonstrating that comparable structural relationships can
also be identified from students’ perspectives within technology-supported environmental learning
environments. Although the correlation between Technological Pedagogical Knowledge (TPK) and
Technological Pedagogical Content Knowledge (TPACK) was relatively high (r = 0.908), this relationship
is theoretically expected because TPACK represents the integrated application of technological,
pedagogical, and content knowledge. The coefficient remained below commonly accepted thresholds
indicating severe multicollinearity; however, future studies employing CFA and discriminant validity
analyses should further investigate the distinctiveness of these closely related constructs.

The principal theoretical contribution of this study lies in extending the application of the TPACK
framework beyond teacher education. Previous research has predominantly conceptualized TPACK as a
model for evaluating teachers’ professional competencies and technology integration practices. In
contrast, the present study demonstrates that TPACK can also serve as a conceptual framework for
examining students’ experiences in technology-supported environmental learning. Rather than
measuring environmental literacy directly, the proposed instrument evaluates the technological,
pedagogical, and content-related characteristics of learning environments that support environmental
learning and Education for Sustainable Development (ESD). This student-centered perspective broadens
the theoretical applicability of TPACK and contributes to the expanding literature on digital learning,
environmental education, and sustainability-oriented higher education.

The practical implications of the study are equally important. The validated instrument provides
universities with an evidence-based tool for evaluating students’ perceptions of technology-supported
environmental learning and identifying strengths and weaknesses across different TPACK dimensions.
Such information may support curriculum redesign, faculty professional development, digital
transformation initiatives, and institutional strategies aimed at implementing Education for Sustainable
Development. The instrument is particularly relevant for Kazakhstan, where higher education institutions
are increasingly integrating digital technologies and sustainability principles into teaching and learning
practices.

Page 15/25



Several limitations should be acknowledged. First, the study was conducted at a single higher education
institution using a relatively modest sample of undergraduate students, which may limit the
generalizability of the findings. Second, the instrument was validated using self-reported questionnaire
data, making the results potentially susceptible to common method bias and social desirability effects.
Third, construct validation relied on Exploratory Factor Analysis, which represents an initial stage of
psychometric evaluation. Future research should therefore employ Confirmatory Factor Analysis,
Structural Equation Modeling, measurement invariance testing, and cross-cultural validation using larger
and more diverse samples to provide stronger evidence regarding the structural stability, discriminant
validity, and generalizability of the proposed instrument across different higher education contexts.

Overall, the findings demonstrate that the proposed student-centered TPACK-based assessment
instrument constitutes a reliable and theoretically grounded tool for evaluating university students’
perceptions of technology-supported environmental learning. By extending the application of TPACK
from teacher competencies to students’ learning experiences, the study contributes both a validated
measurement instrument and a broader conceptual perspective that may support future research,
institutional evaluation, and the advancement of Education for Sustainable Development in higher
education.

5. Conclusion

This study developed and psychometrically validated a student-centered TPACK-based assessment
instrument for evaluating university students’ perceptions of technology-supported environmental
learning in higher education. The findings demonstrated that the proposed instrument possesses
satisfactory reliability, convergent validity, and construct validity, providing empirical support for its use
as a robust measurement tool in technology-supported environmental learning contexts.

The principal contribution of this study is the extension of the TPACK framework beyond its traditional
application in teacher education. By adopting a student-centered perspective, the proposed instrument
offers a theoretically grounded approach for evaluating how students perceive technology-supported
environmental learning environments rather than teachers’ instructional competencies. This contributes
to the growing body of research on digital learning and Education for Sustainable Development (ESD) by
providing a validated instrument for future empirical investigations.

From a practical perspective, the instrument may assist higher education institutions in evaluating
technology-supported environmental learning, informing curriculum development, supporting digital
transformation initiatives, and strengthening sustainability-oriented educational practices. Although the
present findings are based on a single institutional sample and represent an initial stage of instrument
validation, the proposed instrument provides a solid foundation for future research. Further validation
using larger and more diverse samples, Confirmatory Factor Analysis (CFA), longitudinal designs, and
cross-cultural studies is recommended to strengthen the generalizability and robustness of the
measurement model.
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The proposed instrument provides a robust foundation for future research and institutional evaluation of
technology-supported environmental learning, supporting evidence-based implementation of digital
transformation and Education for Sustainable Development in higher education.

Limitations and Future Research

Several limitations should be acknowledged when interpreting the findings of this study. First, the
instrument was validated using data collected from a single higher education institution and a relatively
modest sample of undergraduate students, which may limit the generalizability of the results. Although
the sample size was adequate for Exploratory Factor Analysis (EFA) and the initial validation of the
instrument, larger and more diverse samples are required to further evaluate the stability of the proposed
measurement model. Second, because this study represents the initial stage of instrument development,
construct validity was examined using EFA only. Several items demonstrated moderate cross-loadings,
suggesting that additional validation is warranted. Future studies should therefore employ Confirmatory
Factor Analysis (CFA) and Structural Equation Modeling (SEM) using independent samples to verify the
proposed seven-factor structure and establish stronger evidence of discriminant validity. Finally, cross-
cultural validation across different higher education systems would further strengthen the
generalizability and practical applicability of the proposed student-centered TPACK-based assessment
instrument.
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Figure 1

TPACK — the foundation of effective digital teaching (https://tpack.org/tpack-image/)
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Cronbach's Alpha Coefficients and Number of Items Across TPACK Dimensions
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Mean Scores Across the TPACK Dimensions
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Correlation Network of the TPACK Dimensions
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