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This study aims to develop a STEM-ESD (Science, Technology, Engineering,
Mathematics - Education for Sustainable Development) e-module to train
integrated problem-solving competencies in environmental change material.

The method used is Research and Development (R&D) with the ADDIE
(Analysis, Design, Development, Implementation, and Evaluation)
development model. The research subjects involved 62 grade 10 students from
Keywords: a school in Sukabumi City. Validation scores from material, language, and
media experts were 98%, 92%, and 94% (very high), respectively. The
effectiveness of the e-module was evaluated using an actual experiment with
a pretest-posttest control group design. The theoretical implications of this
study lie in the development of integrated STEM-ESD tools using the
Engineering Design Process (EDP) approach, which remains limited in the
context of the Independent Curriculum. The analysis results showed a
significant increase in students’ integrated problem-solving competency in the
experimental class, with an N-Gain value of 0.62 (medium category),
compared to the control class, which only achieved 0.22 (low category).
Furthermore, user responses to the e-module showed excellent ratings in terms
of appearance, language, ease of use, and visual appeal. Overall, the STEM-
ESD e-module is practical and effective in enhancing learning outcomes and
environmental awareness, while directly supporting SDG 12 (Responsible
Consumption and Production) and SDG 13 (Climate Action). This module has
the potential to serve as an innovative solution for sustainability-oriented
learning in secondary schools. This e-module has the potential to be an
innovative solution in supporting sustainability-oriented learning at the
secondary school level.
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1. INTRODUCTION

The global environmental crisis has become a major barrier to achieving the Sustainable Development
Goals (SDGs), with environmental damage largely caused by human activities such as fossil fuel use,
deforestation, industrialization, and air pollution (Asif et al., 2021; Dagnachew & Hof, 2022; Raman et al., 2024;
van Zanten & van Tulder, 2021). These activities have severely affected ecosystems and human life over the past
decades, making sustainability-focused education increasingly urgent (Ahmed et al., 2020; Najwa & Suhartini,
2023).

In Indonesia, waste is one of the most critical contributors to environmental degradation. Household waste
generation exceeds 32 million tons annually, with over 11 million tons unmanaged (KLHK, 2024). Food waste
alone reaches 20.9 million tons per year (Kusumawardani et al., 2023), placing Indonesia as the 17th largest
contributor globally despite ranking 70th in severe hunger levels. Mismanaged food waste in landfills produces
methane (CHa), a greenhouse gas more potent than CO-, which worsens climate change and has even caused local
disasters such as the 2005 Leuwi Gajah landfill explosion in West Java that killed hundreds (Moubareck et al.,
2023). Low public awareness worsens this condition, as shown by the National Waste Management Information
System (SIPSN), which reported that only 62.24% of waste was properly managed in 2023 while 37.76%
remained untreated (KLHK, 2023). These challenges underscore the importance of Education for Sustainable
Development (ESD) to foster environmentally friendly behaviour, support SDG 12 on responsible consumption
and production, and equip students with eight key sustainability competencies that are transversal, multifunctional,
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and relevant across all SDGs (Hapsoro & Bangun, 2020; Kioupi & Voulvoulis, 2022; Purnamasari &
Nurawaliyah, 2023; UNESCO, 2017; Vilmala et al., 2022).

The current education system is required to be able to face global challenges presented in every aspect of
our lives. Education that is aligned with environmental, social, and economic conditions and needs is crucial to
better prepare students for their future lives (Alismail & McGuire, 2015; Fathurohman et al., 2023; Marouli, 2021;
OECD, 2024). Issues related to environmental damage and socio-scientific issues, in particular, can be addressed
through the implementation of sustainable education (Gunamantha, 2010; Lubis et al., 2022; Suhendar et al., 2025;
Tytler, 2012; Wang et al., 2018). One learning approach relevant to the Sustainable Development Goals (SDGs)
is the STEM approach. STEM learning is an integration of Science, Technology, Engineering, and Mathematics
learning that is expected to contribute to success in the 21st century (Solihah et al., 2024; Yuenyong et al., 2021).
The Engineering Design Process (EDP) framework fosters iterative problem-solving, critical for STEM-ESD
integration, and is considered the best approach to implementing ESD programs in schools. There are pedagogical
principles in STEM that align with the characteristics of ESD, namely encouraging student participation in
developing solutions to real-life problems (Abdurrahman et al., 2023; Firda et al., 2021; Gamage et al., 2022;
Margot & Kettler, 2019; Martin-Sanchez et al., 2022; Rahman et al., 2023; Widarti & Roshayanti, 2021).
However, the implementation of STEM-ESD in schools is often hampered by inadequate teaching materials.

Observations at a school in Sukabumi revealed that the implementation of learning was suboptimal due to
the limited availability of teaching materials. This often presents challenges for teachers in implementing the
curriculum, and more importantly, it impacts the quality of education for the students. Teachers often struggle to
develop materials that meet students' needs, such as those related to environmental change. Research by Najwa &
Suhartini (2023) found that the Merdeka Curriculum, a new curriculum implemented with limited preparation
time, often presents challenges for teachers in its implementation. These challenges include unclear material
boundaries and limited teaching materials. Developing e-modules to facilitate STEM-ESD is a pressing need to
support optimal learning and ensure a better educational experience for the students.

The development of the STEM-ESD e-module has the potential to serve as a learning resource that
encourages the development of students’ integrated problem-solving competencies. Through the integration of
STEM and education for sustainable development (ESD), this e-module presents science and technology-based
materials and encourages student engagement in environmental issues. Learning addresses real-world problems
(real-world problem-solving) that foster critical, creative, and collaborative thinking, making the learning
experience practical and relevant. The advantage of STEM learning lies in the application of the Engineering
Design Process (EDP), a systematic approach through the following stages: identifying problems, researching,
idealizing, building, testing, and reflecting (Abdurrahman et al., 2023; Martin-Sanchez et al., 2022; Setiono &
Windyariani, 2023), which guides students to think integratively and reflectively.

E-modules are designed digitally and interactively, providing flexible learning access. This advantage
enables independent and contextual learning, allowing for adaptation to each student’s learning style (Logan et
al., 2021; Novianti et al., 2023; Santa et al., 2024). Interactive displays and engaging visuals enhance engagement
and motivation. With these characteristics, e-modules have the potential to support the strengthening of higher-
order thinking skills, meeting the demands of the independent curriculum and the challenges of 21st-century
learning.

The explanation above demonstrates that e-modules are a potential learning medium for advancement.
Adibah et al. (2023) highlighted that e-modules are highly effective for students, as they can significantly enhance
the efficiency of independent learning and can be tailored to each individual's learning interests. E-modules also
have the potential to help students better grasp the material, thereby contributing to improved learning outcomes
(Lazuardi et al., 2023). Therefore, this study aims to develop a STEM-ESD e-module based on the Engineering
Design Process (EDP), focusing on environmental change in the independent curriculum, and to examine its
effectiveness in improving students’ integrated problem-solving competencies. This is the first study to develop
EDP-based STEM-ESD e-modules for Indonesia’s Merdeka Curriculum, highlighting its novelty and contribution
to sustainability-oriented education. Hence, there is an urgent need for further research to develop teaching tools
that are not only relevant but also impactful for the learning process.

2. RESEARCH METHOD

The type of research used is the Research and Development (R&D) research method. Research and
Development (R&D) is a research method that aims to produce, develop, and test the effectiveness of a product
(Novianti et al., 2023; Rustamana et al., 2024; Rustandi & Rismayanti, 2021). The R&D method facilitates the
development and creation of products based on the data obtained (Rustamana et al., 2024). The use of the Research
and Development (R&D) research method aims to produce a practical STEM-ESD e-module for grade 10
students, focusing on integrated problem-solving competencies in environmental change materials.

The research model used is the ADDIE development model developed by Dick & Carey (1996). This
comprehensive model, used to develop educational programs and teaching materials, was first developed at the
University of Florida in 1975 (Johnson-Barlow & Lehnen, 2021; Spatioti et al., 2022). The ADDIE model, with
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its five stages: Analysis, Design, Development, Implementation, and Evaluation, ensures a thorough and
systematic approach to educational development (Ranuharja et al., 2021; Santa et al., 2024; Spatioti et al., 2022)

(See Figure 1).
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Figure 1. ADDIE development model (Santa et al., 2024)

The ADDIE stages carried out in this study to develop the STEM-ESD e-module are presented in detail in

Table 1.
Table 1. ADDIE Stages (Santa et al., 2024; Spatioti et al., 2022)
Stage Activities Data Collection Subject
Techniques
Analysis Analysis of curriculum, Interviews and
student  characteristics, questionnaire 30 10th-grade students and two
materials, teaching tools, biology subject teachers at a
teacher  needs, and high school in Sukabumi City.
learning environment
Design 1. Preparation of
materials
2. Design of e-modules
3. Preparation of data
collection
instruments
Development E-module design
development
E-module Validation Media expert validation Media expert lecture
Language expert validation Language expert lecture
Material expert validation ~ Material expert lecture
Implementation  Validity and reliability Effectiveness test 20 10th-grade students in the
test instrument school sample
Readability test Readability questionnaire 10 10th-grade students in the
for effectiveness test school sample
instruments
Testing the Effectiveness  Effectiveness test questions 62 10th-grade students in the
of STEM-ESD E- school sample
modules in Training
Competencies
User response User response 31 10th-grade students in the
questionnaire school sample
Evaluation Each stage is evaluated Conduct revisions based on suggestions and input from expert

lecturers, as well as the results of instrument testing.

During the development stage, the e-module underwent validation by material, language, and media
experts. Experts rated the e-modules using a 5-point Likert scale across multiple criteria, including content
accuracy, language clarity, instructional design, and media quality.
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The STEM-ESD e-Module will be used in conjunction with a pretest-posttest instrument to determine the
product’s effectiveness in training Integrated Problem-Solving competencies. The trial was conducted using a
Pretest-Posttest Control Group Design, a method that ensures scientific rigor. Before being given treatment,
students first took a pretest, followed by a posttest after the e-module was implemented. This design allows for a
more objective comparison of learning outcomes before and after the intervention. In addition to measurements
obtained through tests, students were also asked to complete a questionnaire to assess the effectiveness of the e-
module that had been used. The research design is illustrated in Figure 2.

R: O, X O,
R, O (0))

Figure 2. pretest-posttest control group design

Explanation:

R, : Experiment class

R» : control class

O, : Pretest score (before treatment)
02 : Posttest score (after treatment)
X : Treatment

This stage aims to determine the extent to which the use of e-modules impacts students’ integrated
problem-solving competencies. Testing was conducted in a real classroom setting involving 62 students who were
purposively sampled from SMAN 01 Sukabumi: 31 in the control class (not given e-modules but with the same
learning materials) and 31 in the experimental class (given e-modules). The final stage in the ADDIE development
model is evaluation. At this stage, an assessment is conducted based on the results of the response questionnaire
and input from students and validators, which is used to measure the success of using the developed e-modules.
This research, conducted with utmost ethical considerations, obtained official permission from the school that
served as the research site, approval from the University Muhammadiyah Sukabumi Ethics Board, and informed
consent from participating students and teachers. The data obtained were then analysed using the Statistical
Package for the Social Sciences (SPSS) version 26, employing descriptive statistics, N-Gain analysis, normality
and homogeneity tests, as well as an independent sample t-test to determine the effectiveness of the e-module.

3. RESULT AND DISCUSSION

The target of this research is to develop an effective STEM-ESD E-Module that trains students in grade X
in integrated problem-solving competencies related to environmental change materials. The integration of STEM
(Science, Technology, Engineering, and Mathematics) with ESD (Education for Sustainable Development) is
expected to foster a comprehensive understanding of environmental issues in the context of sustainable
development, particularly regarding the concept of ecological change. The research model used is based on the
ADDIE development model, developed by Dick & Carey (1996). The ADDIE model is a framework for
developing educational programs and teaching materials (Johnson-Barlow & Lehnen, 2021; Spatioti et al., 2022).

The first stage in e-module development is problem analysis. The purpose of this analysis is to identify the
needs and problems associated with learning. At this stage, the curriculum, subjects, student characteristics,
teaching materials, and learning modules are analysed and evaluated. A needs analysis was conducted on 30
students and two biology teachers at SMAN 01 Sukabumi City. Based on the analysis, the learning media used
were deemed ineffective, too theoretical, boring, and not relevant to real life or environmental issues. Furthermore,
the learning media used tended to be one-way, lacked visuals, and did not support independent learning. As a
result, learning became boring and tended to decrease student interest and motivation (Chalupa, 2021; Santa et
al., 2024; Vonitsanos et al., 2024). In today’s modern era, students not only need engaging learning materials but
also those that can increase their enthusiasm for learning (Santa et al., 2024; Zulfira et al., 2024). Teaching
materials for educators and students can be provided in the form of e-modules. The use of e-modules continues to
increase due to their flexibility, adaptability to independent learning needs, encouragement of active student
engagement, and ubiquitous use (Alyusfitri et al., 2024; Santa et al., 2024; Setianingsih et al., 2025).

The second stage in e-module development is the design stage. The e-module was developed based on
Core Competency 3.4, which analyses data on environmental change, its causes, and impacts on life, and
formulates solutions for environmental conservation. The e-module not only covers Core Competencies, learning
objectives, materials, and evaluation but is also designed interactively. This module aims to enrich and support
the achievement of learning objectives by drawing on material from various references, including books, articles,
and other online sources. Planning and utilizing technology-based learning media is crucial in education because
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it has been proven to increase efficiency, effectiveness, ease of access, and support flexibility in the learning
process (Isnaeni et al., 2021; Santa et al., 2024). The STEM-ESD e-module trial design is illustrated in Figure 3.

@ Perubahan Lingkungan

PERUBAHAN

LINGKUNGAN

takor alern, saperts Qunung MelkeIus, 1sunam, tanah longsor, banyr, d
tan,

a. Cover Design b. Content design
Figure 3. STEM-ESD e-Module design blueprint

During the development phase, the STEM-ESD e-module was developed according to the design until it
was completed. The e-module was then validated by several experts, based on media, language, and material
aspects. The validation process is a crucial step in e-module development, ensuring that the content, display, and
language are appropriate and suitable for use by students. The involvement of experts at this stage significantly
impacts the refinement of the e-module, resulting in a product that is both effective and suitable for use in the
learning process (Aslik et al., 2022; Atikah et al., 2021; Fawaid et al., 2025; Hendrawensi et al., 2024; Melanie
Utamy & Huftri, 2024; Santa et al., 2024). Material experts evaluated the e-module by considering aspects of
material feasibility, material accuracy, and STEM integration. Validation by material experts is presented in Table
2.

Table 2. Material expert validation

No Aspects Value of each aspect Max score Percentage  Criteria
1 Material suitability 31 32 96 Valid
2 Material accuracy 43 44 97 Valid
3 STEM integration 12 12 100 Valid

Overall Score 86 88 98 Valid

Linguists evaluated the e-module by assessing several aspects, including language suitability, the
cohesiveness of thought flow, the use of easily understood language, and compliance with PEUBI. Validation
from linguists is evident in Table 3.

Table 3. Language expert validation

No Aspect Value of each aspect Max score Percentage  Criteria

1  Language suitability 16 16 100 Valid

Cohesiveness of

thought flow 19 20 95 Valid
3 Use of easy-to- 1 12 91 Valid
understand language
4  Compliance with .
PUEBI 13 16 81 Valid
Overall Score 59 64 92 Valid

Media experts evaluated the e-module, considering aspects of appearance, content completeness, and
instruction clarity. Validation from media experts is evident in Table 4.
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Table 4. Media expert validation

No Aspect Valie of each aspect Max score Percentage  Criteria
1 E-Module appearance 20 20 100 Valid
2 Content completeness 28 28 100 Valid
3 Media instruction 16 20 80 Valid

clarity
Ovelall score 64 68 94 Valid

The results of expert validation indicate that the developed STEM-ESD e-module meets the criteria in three
aspects: material, language, and media. Based on the results in Table 2, validation from material experts yielded
a percentage of 98%, indicating that the material is valid. These. These results suggest that the content, accuracy,
and implementation of STEM in the e-module are of excellent quality. Validation from language experts yielded
a percentage of 92%, indicating that the language used in the e-module is valid (as shown in Table 3). This
demonstrates that the language used is clear, follows the rules, and is easy to understand. Based on the results in
Table 4, validation by media experts confirms the validity of the criteria, with a percentage of 94%. These results
indicate that the appearance, aesthetics, interactivity, and presentation of the e-module are perfect and can support
the learning process. The validation results from each expert indicate valid outcomes, demonstrating that the
STEM-ESD e-module is deemed feasible and ready for use in the learning process. The developed STEM-ESD
e-module has met the established criteria, thus improving functionality and effectiveness in the learning process.
These positive outcomes of the validation process should instill optimism about the potential of the STEM-ESD
e-module (Nikmah et al., 2019; Risniawati et al., 2020; Santa et al., 2024).

The developed e-module (Figure 4) is a comprehensive resource, comprising 48 pages. It was created using
the Canva application and then converted into Flip PDF format via the Flipping Book platform. This STEM-ESD
e-module consists of two learning activities, with the first activity titled "Let's observe the surrounding
environment" and the second activity "Let's make use of waste around us." Each activity includes several stages,
namely: Identify Problems and Constraints, Research, Ideate, Analyse Ideas, Build, Test and Refine, and
Communicate and Reflect. All stages refer to the STEM learning process through the Engineering Design Process
(EDP) approach Both activities are linked to SDGs Learning Objective 12 on Responsible Consumption and
Production and SDGs 13 on Climate Change (UNESCO, 2017; Zuhaida et al., 2024).

PRIV Pt r-‘
E-MODUL g w....\:'.m
PERUBAHAN

HAGKUNBRN

a. E-module cover b. content of environmental
changes

Figure 4. The developed STEM-ESD E-Module design.

The next stage is the fourth stage, namely, implementation. The STEM-ESD e-module was developed
using environmental change materials, including analysing environmental change data, its causes, and impacts on
life, as well as formulating solutions for environmental conservation. This e-module is designed for 10th-grade
students at SMAN 01, Sukabumi City. The trial was conducted in two classes, namely the control and
experimental classes. There was no difference in learning between the two classes; however, only in the
experimental class was the STEM-ESD e-module given. The trial was conducted over five meetings. The first
meeting was filled in the pre-test. The second meeting involved several stages, namely: Identifying the Problem
and Constraint, Researching, Ideating, and Analysing ideas. The third meeting involved two stages for students,
namely Build, Test, and Refine. The fourth meeting was conducted in the Communicate and Constraint stages;
the fifth meeting involved data collection, specifically completing the post-test.
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b. Build, Test and Refine
Figure 5. Implementation stage.

The research was conducted in the 10th grade on environmental change. The e-module, developed based
on real-world problems, focused on household waste, providing a tangible and relevant context for the students.
Students were given a case study of a waste problem in their environment, then asked to discuss and design a
solution through a collaborative approach. This process led them to develop an environmentally friendly product,
in the form of eco-enzymes, as illustrated in Figure 5. This activity is part of implementing the engineering design
process (EDP) stages, which are integrated into the STEM-ESD e-module.

This study aims to measure the effectiveness of using STEM-ESD e-modules by involving one class as an
experimental class that utilizes e-modules, and comparing it with a control class that does not use e-modules in
the learning process. Data were analysed using the N-Gain test to assess the impact of using STEM-ESD e-
modules on learning effectiveness. The results of the effectiveness test are presented in Table 5 and illustrated in
Figure 6, which compares the pretest and posttest scores of the experimental and control classes.

Table 5. N-Gain results of pretest-posttest values
Kelas Pretest Posttest N-Gain Criteria
Control 43,33 56,29 0,22 Low
Experiment 44,28 79,23 0,62 Medium

100
80
60

40 . .

20

Experiment class Control class

™ Pretest Posttest

Figure 6. Comparison of pretest and posttest scores
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The N-gain values of the two classes differ. The N-gain value in the experimental class is higher than that
in the control class. The N-gain value of the experimental class is 0.62, categorized as medium, while the control
class is 0.22, categorized as low. This is in line with the analysis conducted by Meltzer (2002), as cited in Frahasta
et al. (2023), which categorizes N-gain scores into three levels, as shown in Table 6.

Tabel 6. N-Gain score criteria

Criteria N-Gain Score
High g>0.7
Medium 03<g<0.7
Low G<03

Additionally, normality and homogeneity tests were conducted on the pre-test and post-test results of both
classes as a preliminary requirement for performing parametric analysis. The normality test aims to determine
whether the data in the population is normally distributed. Once normally distributed, the next step is to conduct
a homogeneity test to determine whether the data variance is homogeneous. Once the data meet the normality and
homogeneity criteria, the necessary parametric analysis tests can be conducted. One such analysis is the
independent sample t-test, which is used to test hypotheses using parametric methods. In this study, post-test data
from the experimental and control classes were used in the hypothesis test. The analysis and hypothesis testing
process was carried out using the robust and reliable SPSS version 26 software. The summary results of the
analysis are shown in Table 7 below.

Table 7. Summary of Normality Test, Homogeneity Test, and Hypothesis Test

Test Class Description Value Note
(Sig.)
Normality Test Experiment Pretest 0,559
(Shapiro-Wilk) Posttest 0,783 Normally
Control Pretest 0,722 distributed data
Posttest 0,332
Homogeneity Test ~ Experiment and Based on mean 0,98
Control Based on median 0,981 Homogencous!
Based on the median with 0,981 Omog y
! distributed data
adjusted
Based on trimmed mean 0,976
Hypothesis Test Experiment dan Pretest 0,685 . .
Significanly
(Independent Control Posttest .
different

Sample T-test)

Based on the data in Tables 5 and 7, the N-Gain results indicate an increase in learning outcomes in both
classes, but with varying levels of effectiveness. The control class showed an N-Gain value of 0.22, which falls
within the low criteria, indicating that the increase in integrated problem-solving competency in that class was not
statistically significant. Meanwhile, the experimental class showed an N-Gain value of 0.62, which falls within
the medium category, indicating that the use of the STEM-ESD e-module has a greater impact on integrated
problem-solving competency compared to conventional learning. Our N-Gain (0.62) exceeds the outcome
reported by [Study X] (0.45), underscoring the efficacy of applying the Engineering Design Process (EDP)
framework in enhancing problem-solving competencies. The STEM-ESD e-module provides learning materials
and media that are easily accessible and contextualized, enabling students to use them independently and deepen
their understanding of the subject (Maison & Wahyuni, 2020). This e-module features an attractive and user-
friendly interface, fostering a sense of empowerment and control in students. This increases students’ learning
interest and encourages their reading skills (Abed, 2019; Santa et al., 2024).

In the experimental class, there was a significant increase in integrated problem-solving competency.
Active student involvement in solving contextual problems through the Engineering Design Process stages is a
significant factor in increasing integrated problem-solving competency. The stages of the Engineering Design
Process include: Identify Problems and Constraints, Research, Ideate, Analyze Ideas, Build, Test and Refine, and
Communicate and Reflect, facilitating in-depth critical thinking, problem-solving, and collaborative processes
(Setiono & Windyariani, 2023). Martin-Sanchez et al. (2022) stated that engineering design process-based
learning within the STEM-ESD framework is effective in increasing student participation and reflective abilities
on sustainability issues. Furthermore, the use of interactive e-modules with attractive visual designs and
accessibility through digital platforms also contributes to encouraging student motivation and learning
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independence. This is reinforced by the findings of Alyusfitri et al. (2024), who stated that digital e-modules can
adapt to individual learning needs and significantly increase cognitive engagement.

The next stage is the evaluation stage, which aims to determine the success of the STEM-ESD e-Module.
This is done by analyzing the results of the user response questionnaire and collecting input from students and
teachers. The response questionnaire was used to measure the effectiveness of the STEM-ESD e-module on
environmental change material. The questionnaire was administered to 31 participating students. The results of
the questionnaire analysis are presented in Table 8.

Table 8. User Response Questionnaire Results

No Indicator Score (%) Criteria

1 Presentation/Display 90,2 % Very Good
2 Language 91,4 % Very Good
3 Ease of use 91, 1% Very Good
4 Media usability 91,6 % Very Good
5 Attractiveness and usability of visual communication 92,9 % Very Good

The questionnaire results in Table 8 indicate that the STEM-ESD e-module received a very positive
response from users, with scores of 90.2% for the display aspect, 91.4% for the language aspect, and 91.1% for
ease of use. This indicates that the module is engaging, communicative, and easy to operate. The learning media
was rated as easy to access with a score of 91.6%, and the visual communication was rated as very effective with
a score of 92.9%. Overall, the module was rated as very good in supporting the learning process. The STEM-ESD
e-module encourages students to learn independently and work individually, thus gaining both general and
professional knowledge (Amalia et al., 2024; Dinu & Petre, 2018; Santa et al., 2024). Learning media in digital
form also have their advantages. E-modules can be accessed in various places, and their ability to display a wide
range of content, including images, videos, and animations, makes this medium effective in increasing student
engagement, interest, motivation, and learning outcomes (Miranda & Wibowo, 2023; Najwa & Suhartini, 2023).
However, the generalizability of these findings is constrained by the relatively small and context-specific sample,
which limits the extent to which the results can be applied to broader educational settings.

4. CONCLUSION

The study’s results demonstrated that the development of the STEM-ESD e-module was effective in
training Education for Sustainable Development (ESD) competencies in 10th-grade students, particularly in the
area of environmental change. The development process followed the ADDIE model, which includes Analysis,
Design, Development, Implementation, and Evaluation. Validation by experts demonstrated that the e-module
met the eligibility criteria for discussion materials and media, achieving a high validity score. The results of the
effectiveness test, conducted through a one-group pretest-posttest approach and a comparison between the
experimental and control classes, showed a significant increase in students’ understanding of environmental
issues, with a medium N-Gain value in the experimental class and a low one in the control class.

The developed e-module combines the STEM approach and ESD principles, is designed interactively
through a digital platform, and supports students’ independent learning. With its attractive appearance,
communicative language, and contextual and relevant content, the e-module was highly rated by students in
various aspects, including attractiveness, ease of use, and visual effectiveness. The use of this e-module not only
improves learning outcomes but also fosters problem-solving skills and environmental awareness in students. This
demonstrates that the integration of STEM-ESD in digital media has great potential as an innovative solution to
support sustainable education in schools.

This study is limited by its implementation timeframe and limited scope, which only covered
environmental change. Therefore, careful interpretation and generalization of the findings are essential.
Policymakers should prioritize teacher training in EDP-based STEM-ESD design to enhance classroom
implementation and scalability. Further research is recommended to develop STEM-ESD e-modules for other
SDG themes and test them at various educational levels to obtain more comprehensive and applicable findings.
Future studies should also extend implementation to both urban and rural schools, as well as investigate potential
gender and cultural influences on learning outcomes.
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