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Abstract

Problem-Based Learning (PBL) has emerged as a transformative pedagogical approach in science education,
fostering student-centered learning through real-world problem-solving, critical thinking, and
interdisciplinary inquiry. Unlike traditional lecture-based methods, PBL encourages active engagement,
collaboration, and the application of scientific knowledge in meaningful contexts. Despite its benefits,
challenges such as resource limitations, curriculum misalignment, inadequate teacher training, and
ineffective assessment strategies hinder its widespread adoption. This study aims to conduct a
comprehensive literature review on the implementation of PBL in science education, evaluating its impact
on student learning, identifying key challenges, and exploring strategies to enhance its effectiveness. A
systematic literature review methodology was employed, drawing from peer-reviewed journal articles,
conference proceedings, and scholarly books published over the past two decades. Thematic analysis was
used to categorize findings, focusing on areas such as student engagement, critical thinking, interdisciplinary
learning, and instructional barriers. The review highlights that PBL significantly improves students’
comprehension and retention of scientific concepts while fostering scientific literacy and collaborative
problem-solving skills. However, successful implementation requires institutional support, well-trained
educators, and innovative assessment methods aligned with PBL’s inquiry-based nature. Key strategies for
enhancing PBL include increased resource allocation, better curriculum integration, professional
development for teachers, and the use of technology-driven tools to facilitate interactive learning. Future
research should investigate long-term impacts of PBL, its adaptability in digital and hybrid learning
environments, and its effectiveness across different STEM disciplines. By addressing these challenges and
refining implementation strategies, PBL can continue to serve as a powerful approach for preparing students
with the scientific competencies and problem-solving abilities needed in the 21st century. This study
contributes to the growing body of knowledge on PBL and offers valuable insights for educators,
policymakers, and researchers seeking to optimize science education through inquiry-driven, student-
centered learning methodologies.
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INTRODUCTION

Problem-Based Learning (PBL) represents a transformative pedagogical approach
that has gained prominence in science education due to its emphasis on active, student-
centered learning. Originating in the 1970s within medical education, PBL has since
expanded across multiple disciplines, particularly in STEM fields (Rahmadani, 2017; Han,
2017). Unlike traditional lecture-based instruction, which often relies on passive learning
and rote memorization, PBL encourages students to engage deeply with complex, real-
world problems. By working collaboratively to develop solutions, students cultivate
critical thinking skills, creativity, and the ability to apply scientific knowledge in practical
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contexts. The shift toward PBL is particularly relevant in 21st-century science education,
as it aligns with the evolving demands of the global workforce and the need for
interdisciplinary learning approaches (Muzana et al., 2021; Nguyen, 2020).

One of the defining characteristics of PBL is its emphasis on inquiry-driven learning,
where students explore scientific concepts through problem-solving activities rather than
passive reception of information. Research has demonstrated that PBL enhances students’
ability to apply theoretical knowledge in real-world situations, leading to a deeper
understanding of scientific principles (Ozeken & Yildirim, 2011; Gusmaweti et al., 2023).
By fostering an environment that encourages questioning, investigation, and reflection,
PBL not only improves academic performance but also cultivates essential 21st-century
skills such as collaboration, communication, and analytical reasoning (Asrizal et al., 2022;
Syukri et al., 2018). This pedagogical shift is particularly significant in science education,
where traditional didactic approaches often fail to engage students meaningfully. Through
PBL, learners take an active role in constructing their knowledge, which promotes long-
term retention and a more profound appreciation of scientific inquiry.

The integration of PBL with STEM education further underscores its relevance in
contemporary science curricula. Given the complexity of scientific and technological
challenges in the modern world, interdisciplinary learning has become increasingly
crucial. PBL frameworks that incorporate STEM elements encourage students to explore
connections between science, technology, engineering, and mathematics, preparing them
to tackle multifaceted societal problems (Muzana et al.,, 2021; Nguyen, 2020).
Furthermore, research indicates that PBL fosters scientific literacy by prompting students
to analyze and synthesize information from diverse sources, enabling them to make
informed decisions based on evidence (Yu, 2023; Moutinho et al., 2015). As scientific
literacy becomes an essential competency in the digital age, the role of PBL in cultivating
informed and critical thinkers cannot be overstated.

Despite its many advantages, the implementation of PBL in science education is not
without challenges. A significant barrier to its widespread adoption is the lack of resources
and teacher training required to facilitate effective PBL instruction. Studies have shown
that many educational institutions struggle with inadequate infrastructure and materials,
making it difficult to implement inquiry-based learning strategies (Gaji¢ et al., 2021).
Additionally, traditional educational cultures that prioritize rote memorization over active
learning approaches pose further obstacles to PBL adoption. Even when PBL is
introduced, inconsistencies in curriculum design and the availability of well-structured
learning materials often hinder its effectiveness (Charro Charro, 2020; Friedrichsen et al.,
2016). These challenges highlight the need for a more systematic and well-supported
approach to integrating PBL into science education curricula.

Another critical issue in the application of PBL is the need for well-prepared
educators who are equipped with the skills and knowledge necessary to facilitate student-
centered learning. Implementing PBL effectively requires teachers to shift from being
providers of information to facilitators of learning, a transition that can be difficult without
adequate training (Hofstein et al., 2011; Wahono et al., 2023). Many educators lack
experience with PBL methodologies, leading to difficulties in guiding student discussions,
designing meaningful problem scenarios, and assessing learning outcomes. Furthermore,
traditional assessment methods, which often rely on standardized testing and
memorization-based evaluations, may not effectively capture the depth of understanding
and skills developed through PBL (Barak, 2020). This misalignment between teaching
practices and assessment strategies can undermine the perceived effectiveness of PBL,
making it essential to develop more robust evaluation frameworks that align with its
learning objectives.
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In addition to pedagogical challenges, the adaptability of PBL to diverse educational
settings presents both opportunities and limitations. With the rise of digital learning
technologies, there is increasing potential for PBL to be integrated into online and blended
learning environments (Hoque et al., 2012; Ruhter, 2022). Digital tools such as virtual
simulations, collaborative online platforms, and interactive problem-solving activities can
enhance students’ engagement and provide new avenues for inquiry-based learning.
However, the effectiveness of PBL in digital contexts depends on the availability of
technological resources and the ability of educators to effectively incorporate these tools
into their teaching strategies. Studies suggest that while technology-enhanced PBL can be
highly effective, it requires careful instructional design and ongoing support to ensure
meaningful student engagement (Chardnarumarn, 2023; Supahar & Widodo, 2020).

Overall, PBL represents a significant advancement in science education by fostering
active learning, interdisciplinary inquiry, and critical thinking skills. However, its
successful implementation requires addressing key challenges related to resource
availability, teacher training, curriculum development, and assessment methodologies. As
science education continues to evolve in response to the demands of the 21st century,
further research and policy initiatives will be essential to support the effective integration
of PBL into diverse educational settings. Through continued efforts to enhance the
implementation of PBL, science educators can cultivate a new generation of learners who
are not only knowledgeable in scientific concepts but also capable of applying their
understanding to real-world challenges.

Problems

The implementation of PBL in science education faces several challenges that hinder
its effectiveness despite its proven benefits in fostering critical thinking, collaboration, and
scientific literacy. A significant issue is the lack of adequate resources and institutional
support, as many educational institutions are not equipped with the necessary materials
and infrastructure to facilitate inquiry-based learning (Gaji¢ et al., 2021). Additionally, the
traditional culture of teaching, which prioritizes rote memorization over active learning,
poses a major barrier to the adoption of PBL, limiting its impact on student engagement
and conceptual understanding (Charro Charro, 2020). Another critical problem is the
insufficient availability of well-structured curriculum materials that align with PBL
principles, leading to inconsistencies in its implementation across different educational
settings (Friedrichsen et al., 2016). Furthermore, many educators lack the training and
pedagogical skills required to effectively facilitate PBL, as transitioning from teacher-
centered instruction to student-driven learning requires specific competencies that are
often not emphasized in teacher education programs (Hofstein et al., 2011; Wahono et al.,
2023). The assessment of student learning within PBL contexts also presents a challenge,
as traditional evaluation methods may not accurately measure the depth of understanding
and problem-solving abilities developed through this approach, leading to a disconnect
between instructional practices and assessment strategies (Barak, 2020). These challenges
underscore the need for further research and institutional support to enhance the
effectiveness of PBL in science education, ensuring that it can be successfully integrated
into diverse educational environments.

Research Objectives and Questions

The primary objective of this study is to conduct a comprehensive literature review
on the implementation of Problem-Based Learning (PBL) in science education. This
research seeks to analyze existing studies on PBL, identify its impact on students’ learning
experiences, and evaluate the challenges associated with its implementation. By
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synthesizing findings from various academic sources, this study aims to provide insights

into how PBL enhances scientific literacy, critical thinking, and interdisciplinary learning

within STEM education. Additionally, the study explores potential strategies for

improving the effectiveness of PBL by addressing key barriers such as resource limitations,

curriculum design, teacher preparedness, and assessment methodologies. The research

questions guiding this study are as follows:

1. How has PBL been implemented in science education based on existing literature?

2. What is the impact of PBL on students' learning experiences, including their
engagement, comprehension, and application of scientific concepts?

3. What challenges are commonly associated with the implementation of PBL in science
education?

4. In what ways does PBL enhance scientific literacy, critical thinking, and
interdisciplinary learning within STEM education?

5. What strategies can be employed to improve the effectiveness of PBL by addressing
key barriers such as resource limitations, curriculum design, teacher preparedness, and
assessment methodologies?

METHODS

This study employs a systematic literature review approach to examine the
implementation of Problem-Based Learning (PBL) in science education. A literature
review 1s a widely used method for synthesizing research findings from existing studies,
enabling scholars to identify trends, gaps, and best practices in a given field. In this study,
a structured approach was adopted to collect, analyze, and interpret research articles
related to PBL in science education. The methodology involved five key stages: literature
selection, inclusion and exclusion criteria, data extraction, thematic analysis, and
synthesis of findings. These steps ensured a comprehensive and unbiased analysis of the
existing body of knowledge on PBL and its application in science education. The review
focused on peer-reviewed journal articles, conference proceedings, and scholarly books
published within the past two decades, ensuring that the findings reflect contemporary
developments in the field.

The literature selection process involved an extensive search of academic databases,
including Scopus, Web of Science, IEEE Xplore, ERIC, and Google Scholar. Keywords
such as "Problem-Based Learning," "science education," "STEM learning," "inquiry-based
learning," and "active learning strategies" were used to identify relevant articles. Boolean
operators (AND, OR) were applied to refine search queries, ensuring that studies
specifically addressing PBL in science education were included. Additionally, backward
and forward citation tracking was conducted to identify key studies frequently referenced
in the literature. The search strategy aimed to capture a diverse range of research
perspectives, encompassing experimental studies, case studies, meta-analyses, and
theoretical reviews. Articles that focused solely on PBL in non-science disciplines or
lacked empirical data were excluded to maintain the relevance and specificity of the
review.

The inclusion and exclusion criteria were established to ensure the credibility and
relevance of the selected studies. Studies published in peer-reviewed journals, written in
English, and directly related to the implementation, effectiveness, or challenges of PBL in
science education were included. Articles that provided empirical data, qualitative or
quantitative analyses, and case studies of PBL implementation were prioritized. Exclusion
criteria included studies that focused solely on theoretical discussions without empirical
support, non-peer-reviewed sources such as opinion articles or blog posts, and research
that did not specifically address science education. By applying these criteria, the review
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aimed to present an objective and evidence-based analysis of PBL practices in science
education.

Data extraction and thematic analysis were conducted to categorize key findings
from the selected studies. A standardized data extraction form was used to collect relevant
information, including study objectives, research methods, sample populations, key
findings, and implications. Thematic analysis was employed to identify recurring themes
across the literature, such as the benefits of PBL in fostering critical thinking and problem-
solving skills, challenges related to teacher training and assessment, and the role of digital
technology in enhancing PBL implementation. The extracted data were systematically
coded and categorized to highlight patterns and variations in PBL research. This approach
allowed for a structured synthesis of findings, providing insights into the factors that
contribute to the success or limitations of PBL in science education.

The final stage of the methodology involved synthesizing the findings to present a
comprehensive overview of the current state of research on PBL in science education.
Thematic clusters were developed to summarize the key aspects of PBL implementation,
including instructional design, student engagement, assessment strategies, and
institutional support. Additionally, gaps in the literature were identified, highlighting areas
that require further investigation, such as the long-term impact of PBL on student learning
outcomes and the effectiveness of online PBL environments. The results of this review will
serve as a foundation for future research and pedagogical innovations in science education,
offering evidence-based recommendations for educators, policymakers, and researchers
seeking to optimize PBL practices in diverse learning contexts.

RESULTS AND DISCUSSION

Historically, PBL was first developed in the 1960s by Howard S. Barrows at
McMaster University, primarily within medical education. The initial goal was to address
the gap between theoretical knowledge and practical application in clinical settings, where
students struggled to apply what they had learned in real-life scenarios (Peen & Arshad,
2017). Over the decades, PBL has evolved and expanded beyond medical education,
finding applications in secondary schools, higher education science programs, and
research laboratories.

In secondary education, PBL has been increasingly adopted as a strategy to develop
essential skills for the 21st century. Studies indicate that PBL fosters student engagement
and motivation, as it allows learners to connect their studies to real-world issues (Lonergan
et al., 2022). For instance, Lonergan et al. (2022) document the characteristics and goals
of PBL in diverse secondary school classrooms, emphasizing its role in promoting critical
thinking and problem-solving skills among students. The integration of PBL in secondary
education has been shown to positively influence students' attitudes toward science,
making learning more relevant and applicable to their lives (Kanyesigye et al., 2022).

In higher education, particularly in science programs, PBL has been documented as
an effective method for teaching complex subjects such as biology, chemistry, and physics.
Research has shown that PBL enhances students' ability to integrate knowledge across
disciplines, thereby improving their scientific literacy (Savery, 2006). For example,
Kanyesigye et al. (2022) highlight the impact of PBL on physics classroom practices in
Ugandan secondary schools, demonstrating its effectiveness in promoting active learning
and critical thinking. Moreover, PBL has been utilized in science research laboratories to
train students in scientific inquiry and research methodologies. This application allows
students to engage in authentic research experiences, where they can apply theoretical
knowledge to practical challenges, thus bridging the gap between classroom learning and
real-world scientific practice (Savery, 2006).
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The core principles of Problem-Based Learning (PBL) that support effective teaching

and learning in science education are centered around student engagement, real-world
problem-solving, collaborative learning, and self-directed inquiry. These principles align
with contemporary educational goals that emphasize critical thinking, creativity, and the
application of knowledge in practical contexts.

1.

Student-Centered Learning: PBL places students at the center of the learning process,
encouraging them to take responsibility for their education. This approach fosters
autonomy and self-directed learning, as students are required to identify problems,
research solutions, and apply their findings (Savery, 2006; Ali, 2019). Research
indicates that this method enhances student motivation and engagement, leading to
improved learning outcomes (Ozeken & Yildirim, 2011; Ding et al., 2014).
Real-World Problem Solving: A defining characteristic of PBL is its focus on complex,
ill-structured problems that reflect real-world challenges. This relevance to real-life
situations not only makes learning more meaningful but also helps students develop
critical thinking and problem-solving skills essential for their future careers (Moravec
et al., 2010; Overton, 2016). For instance, studies have shown that students engaged
in PBL are better equipped to apply their knowledge to practical situations, enhancing
their scientific literacy (Ozeken & Yildirim, 2011; Ding et al., 2014).

Collaborative Learning: PBL promotes collaboration among students, as they often
work in small groups to tackle problems. This collaborative environment encourages
peer learning, where students can share diverse perspectives and collectively develop
solutions (Savery, 2006; Nguyen, 2020). The social aspect of learning in PBL settings
has been shown to improve communication skills and foster a sense of community
among learners (Zhang, 2024).

Facilitation by Educators: In PBL, the role of educators shifts from being the primary
source of knowledge to that of facilitators or guides. This change allows teachers to
support students in their inquiry processes, helping them navigate challenges and
encouraging deeper exploration of the subject matter (Savery, 2006; Wells et al., 2009).
Effective facilitation is crucial for maintaining student engagement and ensuring that
learning objectives are met (Savery, 2006).

Reflection and Self-Assessment: PBL encourages students to reflect on their learning
experiences and assess their understanding of the material. This reflective practice is
vital for developing metacognitive skills, enabling students to evaluate their problem-
solving processes and outcomes critically (Savery, 2006; Overton, 2016). Reflection
helps students recognize their strengths and areas for improvement, fostering a growth
mindset essential for lifelong learning.

Integration of Knowledge: PBL facilitates the integration of knowledge across different
disciplines, allowing students to make connections between various scientific concepts
and real-world applications. This interdisciplinary approach is particularly valuable in
science education, where complex problems often require knowledge from multiple
fields (Ozeken & Yildirim, 2011; Ding et al., 2014). By engaging in PBL, students learn
to synthesize information and apply it in diverse contexts, enhancing their overall
understanding of science.

RQ-1. How has PBL been implemented in science education based on existing
literature?

The implementation of PBL in science education has been widely documented

across various educational contexts, including secondary schools, higher education
institutions, and informal learning environments. Research indicates that PBL enhances
students' engagement and understanding of scientific concepts by emphasizing inquiry-
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based learning and real-world problem-solving. A key feature of PBL is its ability to foster
interdisciplinary learning, particularly within STEM education, by integrating multiple
domains of knowledge and promoting critical thinking. The literature highlights several
essential strategies that have contributed to the successful implementation of PBL,
including the integration of technology, collaborative learning environments, real-world
applications, teacher facilitation, and effective assessment practices. These elements
collectively enhance the effectiveness of PBL., making it a valuable pedagogical approach
in modern science education.

One significant trend in the implementation of PBL is the integration of technology
within STEM education. The use of digital tools and E-STEM (Electronic-Science,
Technology, Engineering, and Mathematics) frameworks has been found to enhance
students' problem-solving abilities and ICT literacy, allowing them to engage in
meaningful scientific inquiry. According to Muzana et al. (2021), project-based learning
that incorporates digital resources enables students to apply their knowledge creatively,
thereby fostering a deeper connection to scientific content. The use of simulations, virtual
labs, and data analysis software in PBL classrooms has further facilitated students'
understanding of complex scientific phenomena, making learning more interactive and
engaging. This technological integration not only improves students’ scientific literacy but
also prepares them for future careers that require proficiency in digital tools and
computational thinking.

Another critical component of PBL is the emphasis on collaborative learning
environments, where students work in teams to explore scientific problems and develop
solutions. Research by Cheng and Chuang (2018) highlights the importance of team-based
collaborative activities in helping students articulate their understanding of scientific
concepts. The collaborative nature of PBL encourages peer learning, enhances
communication skills, and fosters teamwork—skills that are essential for success in
scientific fields. Twahirwa (2021) further supports this notion, noting that well-structured
PBL activities lead to improved academic performance in science subjects. By engaging in
discussions, debating ideas, and refining their hypotheses through group work, students
develop a deeper and more meaningful understanding of scientific content compared to
traditional lecture-based instruction.

Real-world context and problem-solving are also crucial aspects of effective PBL
implementation in science education. When students engage with authentic scientific
problems, they are more likely to develop critical thinking skills and retain knowledge.
Olatoye and Adekoya (2010) emphasize that connecting theoretical knowledge to
practical applications enhances student engagement and promotes long-term retention of
scientific concepts. For example, students working on environmental sustainability
projects within a PBL framework may explore real-world challenges such as climate
change, water conservation, or renewable energy solutions. By addressing these issues,
students not only learn scientific principles but also develop a sense of responsibility and
agency in applying their knowledge to solve pressing societal problems. This experiential
approach transforms science education into an active and dynamic process, rather than a
passive transmission of information.

Teacher facilitation plays a crucial role in ensuring the successful implementation of
PBL. Effective PBL requires teachers to shift from traditional instruction methods to a
facilitator role, guiding students through inquiry-based learning processes. Abuhmaid
(2020) discusses how teacher facilitation enhances student experiences, particularly in
online learning environments where PBL has been increasingly adopted. Similarly, Duran
et al. (2009) emphasize the importance of professional development programs that equip
teachers with the skills to implement PBL effectively. Without proper training and
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support, educators may struggle to design meaningful problem-based activities, assess
student progress, and manage classroom dynamics. Thus, investment in teacher training
is essential to maximize the potential of PBL in science education.

Assessment and reflection are also key components of effective PBL
implementation. Unlike traditional assessment methods that focus on standardized
testing, PBL requires evaluation strategies that align with its inquiry-based nature. Geier
et al. (2008) highlight the need for assessments that capture students' engagement, critical
thinking, and application of knowledge. Performance-based assessments, peer
evaluations, and self-reflections are commonly used in PBL settings to provide a
comprehensive measure of student learning. Additionally, reflection activities allow
students to assess their learning progress, identify areas for improvement, and develop
metacognitive skills. This continuous feedback process ensures that students remain
actively involved in their own learning journeys and fosters a culture of lifelong learning.

In conclusion, the implementation of PBL in science education has been successful
due to its integration of technology, emphasis on collaboration, real-world applications,
teacher facilitation, and innovative assessment practices. These elements collectively
create a dynamic and engaging learning environment that enhances students' scientific
literacy, critical thinking, and problem-solving skills. However, for PBL to be fully
effective, it requires institutional support, well-trained educators, and carefully designed
curricula that align with its principles. As science education continues to evolve, PBL
remains a vital approach in preparing students for the complexities of modern scientific
inquiry and future career challenges.

RQ-2. What is the impact of PBL on students' learning experiences, including their
engagement, comprehension, and application of scientific concepts?

The impact of PBL on students’ learning experiences in science education is
profound, influencing their engagement, comprehension, and application of scientific
concepts. Traditional science instruction often relies on passive learning methods, which
may not fully engage students or encourage deep understanding. In contrast, PBL
immerses students in active learning experiences by presenting them with complex, real-
world problems that require critical thinking and problem-solving. This student-centered
approach fosters meaningful interactions with scientific content, enabling learners to
develop essential skills and retain knowledge more effectively. Research has consistently
highlighted PBL’s effectiveness in enhancing students’ academic motivation, conceptual
understanding, and ability to apply knowledge in practical settings.

One of the most significant benefits of PBL is its ability to increase student
engagement in science learning. Unlike traditional lecture-based instruction, PBL requires
students to take an active role in the learning process, which naturally fosters higher levels
of interest and motivation. Fitriani (2023) found that students engaged in PBL exhibit
greater enthusiasm and willingness to participate in science learning compared to those in
conventional classrooms. This heightened engagement is largely due to the hands-on,
problem-solving nature of PBL, where students work collaboratively to explore and
develop solutions to real-world scientific issues. Similarly, Silva et al. (2016) emphasize
that citizen science projects, which often incorporate PBL principles, strengthen students’
connections to scientific content by involving them in authentic research experiences. By
actively engaging with scientific problems, students develop a genuine curiosity for
learning, leading to sustained academic interest and long-term retention of knowledge.

Beyond engagement, PBL significantly enhances students' comprehension of
scientific concepts by facilitating deeper learning experiences. Traditional instruction often
emphasizes rote memorization of facts and formulas, which may not effectively develop
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students' conceptual understanding. In contrast, PBL promotes inquiry-based learning,
encouraging students to investigate, experiment, and draw conclusions based on evidence.
Muharlisiani (2023) highlights that PBL fosters active and innovative learning, allowing
students to generate meaningful scientific insights through hands-on exploration.
Similarly, Setiyadi (2024) asserts that PBL’s "learning by doing" approach strengthens
students’ scientific process skills, enabling them to construct a deeper understanding of
core concepts. Because PBL situates learning in real-world contexts, students are more
likely to internalize and retain scientific principles, which ultimately improves their
academic performance and readiness for advanced study in STEM fields.

Another crucial impact of PBL is its ability to facilitate the practical application of
scientific knowledge. Science education is most effective when students can bridge the gap
between theory and practice, applying what they learn in meaningful ways. Nurso and
Supriyadi (2019) argue that PBL encourages students to synthesize information from
various sources and use their knowledge to address complex, real-world challenges. This
approach reinforces students’ understanding of scientific concepts by requiring them to
apply their learning in dynamic, problem-solving scenarios. Hsu and Liao (2018) further
support this notion, describing PBL as an instructional method that fosters extended
inquiry processes, where students develop essential scientific skills through authentic
projects. By engaging in PBL, students become adept at utilizing scientific knowledge in
real-world applications, preparing them for future careers in STEM fields that demand
analytical thinking and practical problem-solving abilities.

PBL also plays a vital role in developing students’ critical thinking and problem-
solving skills, which are fundamental to scientific inquiry. The process of identifying
problems, evaluating evidence, and constructing solutions encourages students to think
analytically and make informed decisions. Muharlisiani (2023) and Setiyadi (2024) both
emphasize that students engaged in PBL demonstrate improved reasoning abilities and a
greater capacity to tackle complex problems. Furthermore, Ramdani et al. (2023) found
that students’ problem-solving skills improved significantly after participating in PBL
activities, highlighting the effectiveness of this approach in nurturing essential cognitive
abilities. These skills are particularly valuable in scientific disciplines, where the ability to
critically analyze data and develop innovative solutions is crucial. By consistently
engaging in problem-based tasks, students build the resilience and adaptability needed to
address scientific challenges both in academic settings and real-world professions.

Lastly, PBL fosters collaborative learning experiences, enhancing students’
communication and teamwork abilities. Science education increasingly emphasizes
interdisciplinary collaboration, and PBL provides an ideal framework for developing these
essential skills. Huysken et al. (2019) found that students engaged in collaborative PBL
models exhibited improved learning outcomes and a stronger sense of academic
community. The teamwork required in PBL encourages students to articulate their ideas,
engage in constructive discussions, and refine their understanding through peer
interactions. This collaborative approach not only enriches students’ learning experiences
but also prepares them for professional scientific environments where teamwork and
effective communication are critical. By working together to solve complex problems,
students develop interpersonal skills that are crucial for success in scientific research and
industry careers.

In conclusion, PBL has a transformative impact on students' learning experiences in
science education. It enhances engagement by fostering active participation, improves
comprehension through inquiry-driven exploration, and strengthens the application of
scientific knowledge in real-world contexts. Additionally, PBL cultivates critical thinking
and problem-solving abilities while promoting collaborative learning experiences. These
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outcomes are essential for preparing students to navigate the complexities of modern
science and pursue careers that require analytical reasoning, adaptability, and teamwork.
As science education continues to evolve, PBL remains a highly effective approach in
equipping students with the skills and knowledge necessary for success in both academic
and professional scientific fields.

RQ-3. What challenges are commonly associated with the implementation of PBL in
science education?

The implementation of PBL in science education presents several challenges that
educators must navigate to ensure effective teaching and learning. While PBL has been
widely recognized for its potential to enhance student engagement, critical thinking, and
problem-solving skills, its successful execution requires overcoming significant obstacles.
The literature identifies common challenges such as time management, teacher
preparedness, student engagement, assessment difficulties, institutional support, and
cultural factors. These challenges must be addressed to optimize the effectiveness of PBL
in science education and ensure that students reap its full benefits.

One of the most frequently cited challenges in PBL implementation is time
management. The process of guiding students through inquiry-based learning and
collaborative problem-solving requires considerable time, both for instructional
preparation and for student exploration. Pre-service science teachers have reported
difficulties in allocating sufficient time for both the problem-solving process and the
necessary reflection on learning outcomes (Eka°Ca°, 2016). Unlike traditional lecture-
based instruction, where content delivery is structured and predictable, PBL demands
flexibility and extended time for investigation, experimentation, and discussion. This can
lead to rushed projects and superficial learning if not managed properly, undermining the
depth of understanding that PBL aims to achieve. Additionally, time constraints often
pose challenges in completing curriculum requirements, as teachers may struggle to
balance PBL activities with the need to cover a broad range of scientific concepts within a
limited instructional period.

Teacher preparedness and training also play a crucial role in the successful
implementation of PBL. Many educators feel unprepared to facilitate PBL effectively due
to a lack of training and experience (Ertmer & Simons, 2006; Yang et al., 2021). Unlike
traditional teaching methods, PBL requires teachers to act as facilitators rather than direct
instructors, guiding students through inquiry-driven learning rather than delivering
content in a structured format. Harris et al. (2015) found that new teachers often struggle
with enacting reform-oriented curriculum materials, which can hinder the effective
implementation of PBL strategies in the classroom. Without adequate professional
development and support, educators may find it challenging to design meaningful
problem-based activities, provide appropriate scaffolding, and assess student learning
effectively. Addressing this challenge requires investment in teacher training programs that
equip educators with the necessary pedagogical skills to implement PBL successfully.

Ensuring that all students actively participate in PBL activities presents another
significant challenge. While PBL encourages collaboration, some students may hesitate to
contribute fully, leading to unequal participation within groups. Hsu and Liao (2018)
highlight that differences in confidence levels, prior knowledge, and learning styles can
result in variations in student engagement, with some learners taking a passive role while
others dominate discussions. Lindahl et al. (2019) further emphasize that students may
struggle to recognize the educational demands of PBL, particularly if they are accustomed
to more traditional instructional methods. This can affect their ability to engage
meaningfully with the curriculum, leading to frustration and disengagement. To address
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this issue, educators must implement strategies that promote inclusive participation, such
as structured group roles, peer accountability measures, and active facilitation to ensure
that all students contribute equitably to the learning process.

Another critical challenge associated with PBL is assessment. Traditional assessment
methods, such as standardized tests and individual grading systems, may not adequately
capture the collaborative and inquiry-based nature of PBL (Ertmer & Simons, 2006).
Evaluating student performance in PBL settings requires alternative assessment
approaches that consider both individual contributions and group dynamics. However,
educators often struggle to develop fair and reliable assessment strategies that align with
PBL objectives. Chen et al. (2021) point out that assessing collaborative efforts and
problem-solving skills can be complex, as it involves evaluating not only content
knowledge but also critical thinking, communication, and teamwork abilities. To enhance
assessment practices in PBL, educators may need to adopt formative assessments, peer
evaluations, reflective journals, and performance-based assessments that align with the
goals of inquiry-based learning.

Institutional support and access to resources also play a vital role in determining the
success of PBL implementation. Many teachers report that a lack of administrative
backing and insufficient resources hinder their ability to effectively integrate PBL into their
science curricula (Ertmer & Simons, 2006; Meng et al., 2023). Successful PBL
implementation often requires access to laboratory equipment, technology, research
materials, and collaborative spaces where students can engage in hands-on problem-
solving activities. Without adequate resources, educators may struggle to provide
meaningful learning experiences that align with PBL principles. Additionally, institutional
support in the form of professional development opportunities, curriculum flexibility, and
collaboration among educators is essential for sustaining PBL initiatives. Schools and
educational policymakers must recognize the importance of investing in infrastructure and
teacher training to ensure the long-term viability of PBL in science education.

Finally, cultural and contextual factors can influence the effectiveness of PBL in
science education. Students and educators from different educational backgrounds may
have varying levels of familiarity with inquiry-based learning approaches, which can affect
their acceptance and adoption of PBL (Tawfik et al., 2021). In some cultures, traditional
teacher-centered instruction is deeply ingrained, making it challenging for students to
adjust to the student-driven nature of PBL. Woodward-Kron and Remedios (2007)
highlight that students from educational systems that emphasize rote memorization may
initially struggle with the self-directed learning aspects of PBL. To address these
challenges, educators must adopt culturally responsive teaching practices that gradually
transition students into PBL methodologies while providing necessary scaffolding and
support. Additionally, differentiated instruction strategies can help accommodate diverse
learning needs, ensuring that all students benefit from PBL regardless of their prior
educational experiences.

In conclusion, while PBL offers significant benefits for enhancing student learning
in science education, its implementation is fraught with challenges. Time management
issues, teacher preparedness, student engagement, assessment difficulties, lack of
institutional support, and cultural barriers all present obstacles that must be carefully
navigated. Addressing these challenges requires a concerted effort from educators,
administrators, and policymakers to provide the necessary training, resources, and
structural support for PBL to be successfully integrated into science education. By
overcoming these barriers, educators can harness the full potential of PBL to cultivate
critical thinking, problem-solving skills, and deep conceptual understanding among
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students, ultimately preparing them for success in the scientific and technological fields of
the future.

RQ-4. In what ways does PBL enhance scientific literacy, critical thinking, and
interdisciplinary learning within STEM education?

PBL significantly enhances scientific literacy, critical thinking, and interdisciplinary
learning within STEM education by engaging students in active, inquiry-driven learning
experiences. Unlike traditional lecture-based instruction, which often emphasizes rote
memorization, PBL immerses students in real-world problems that require them to apply
scientific concepts, evaluate evidence, and develop solutions collaboratively. This student-
centered approach cultivates a deeper understanding of scientific principles, fosters
analytical reasoning, and encourages connections between STEM disciplines. The
literature highlights several mechanisms through which PBL achieves these educational
outcomes, including the enhancement of scientific literacy, the development of critical
thinking skills, and the promotion of interdisciplinary learning.

One of the primary ways PBL enhances scientific literacy is by requiring students to
engage in authentic scientific inquiry. Scientific literacy involves the ability to understand,
interpret, and apply scientific knowledge in real-world contexts, and PBL provides an ideal
framework for developing these skills. According to Nilyani et al. (2023), integrating PBL
with STEM approaches significantly improves students' scientific literacy by encouraging
them to explore scientific phenomena, formulate hypotheses, conduct experiments, and
analyze data. This hands-on engagement deepens students’ understanding of scientific
methods and fosters a critical evaluation of information sources, helping them differentiate
between reliable scientific knowledge and misinformation. Furthermore, by engaging in
problem-solving activities that mimic real scientific investigations, students develop a
more nuanced understanding of how science operates in society, making them more
informed and responsible citizens in a world increasingly shaped by scientific
advancements.

PBL also plays a crucial role in fostering critical thinking skills, a key competency in
STEM education. Critical thinking involves the ability to analyze problems, assess
evidence, construct reasoned arguments, and develop creative solutions—skills that are
integral to scientific inquiry and technological innovation. Research by Putri (2023)
indicates that students engaged in STEM-based PBL demonstrate significantly higher
levels of critical thinking compared to those in traditional learning environments. This is
because PBL requires students to engage in deeper cognitive processes, such as questioning
assumptions, comparing alternative explanations, and synthesizing diverse sources of
information. Similarly, Ata (2023) found that PBL-STEM models promote active
engagement and curiosity, enabling students to develop problem-solving strategies based
on evidence and logical reasoning. Unlike passive learning methods, where students are
primarily recipients of information, PBL encourages them to think critically and
independently, preparing them for the analytical demands of higher education and
scientific careers.

Another key benefit of PBL is its ability to promote interdisciplinary learning by
integrating knowledge and skills from various STEM disciplines. Traditional science
education often compartmentalizes subjects, treating mathematics, physics, chemistry,
and engineering as separate fields. However, real-world scientific problems are inherently
interdisciplinary, requiring expertise from multiple domains to develop effective solutions.
As noted by Wiratman (2023), PBL facilitates interdisciplinary collaboration by bringing
together students with diverse perspectives and encouraging them to draw on multiple
areas of expertise. For example, a PBL project on renewable energy might require students
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to apply principles of physics (energy conversion), chemistry (battery storage),
mathematics (efficiency calculations), and engineering (system design) to develop a viable
solution. This interconnected approach not only enhances students’ understanding of
individual subjects but also reinforces the relevance of interdisciplinary learning, preparing
them for complex scientific and technological challenges.

Additionally, PBL promotes active learning and engagement, which are essential for
developing both scientific literacy and critical thinking. Unlike traditional classroom
settings, where students passively absorb information from textbooks or lectures, PBL
encourages them to take ownership of their learning by investigating problems,
collaborating with peers, and reflecting on their experiences. Ritonga et al. (2021)
emphasize that this active involvement leads to deeper conceptual understanding and
greater motivation to learn. Hidayah et al. (2018) further highlight that students engaged
in PBL demonstrate improved critical thinking performance because they are required to
evaluate evidence, draw conclusions, and articulate their reasoning. By shifting the focus
from teacher-centered instruction to student-driven inquiry, PBL cultivates a sense of
curiosity and intellectual independence, which are essential traits for lifelong learners in
scientific fields.

Finally, PBL enhances collaboration and communication skills, both of which are
critical for success in STEM disciplines. Scientific research and technological innovation
are inherently collaborative processes that require effective teamwork, clear
communication, and the ability to integrate diverse viewpoints. PBL provides students
with opportunities to develop these skills by working in groups to tackle complex
problems, share ideas, and provide constructive feedback to peers. Wiratman (2023) and
Menap et al. (2021) emphasize that social interaction in PBL environments not only
strengthens critical thinking but also prepares students for future collaborative work in
professional and academic settings. By engaging in structured group discussions,
presenting findings, and defending their solutions, students refine their ability to articulate
scientific concepts clearly and persuasively—an essential skill for scientists, engineers, and
policymakers alike.

In conclusion, PBL enhances scientific literacy, critical thinking, and
interdisciplinary learning within STEM education by engaging students in authentic
problem-solving experiences, promoting active learning, and fostering collaboration.
Through inquiry-driven investigations, students develop a deeper understanding of
scientific concepts, refine their analytical reasoning skills, and learn to apply
interdisciplinary knowledge to real-world challenges. These outcomes are essential for
preparing students to navigate the complexities of modern scientific inquiry and to become
informed, critical thinkers in an increasingly interconnected world. By integrating PBL
into STEM curricula, educators can cultivate a new generation of learners who are not
only proficient in scientific knowledge but also equipped with the skills and mindset
necessary to address pressing global challenges.

RQ-5. What strategies can be employed to improve the effectiveness of PBL by
addressing key barriers such as resource limitations, curriculum design, teacher
preparedness, and assessment methodologies?

Improving the effectiveness of PBL in science education requires targeted strategies
to address key barriers such as resource limitations, curriculum design, teacher
preparedness, and assessment methodologies. PBL has been widely recognized for its
ability to foster scientific literacy, critical thinking, and interdisciplinary learning.
However, challenges such as insufficient materials, lack of teacher training, misalignment
with standardized curricula, and ineffective assessment methods can hinder its successful
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implementation. To maximize the impact of PBL, educators, policymakers, and
institutions must adopt evidence-based strategies that enhance the quality and
sustainability of this approach.

One of the fundamental challenges in PBL implementation is resource limitations,
which can include inadequate access to materials, technology, and instructional time.
Schools and educational institutions must prioritize resource allocation to support PBL
activities. Soeprijanto et al. (2022) emphasize the importance of developing standardized
assessment models and instructional resources tailored specifically for PBL environments.
By investing in high-quality learning materials, laboratory equipment, and digital tools,
educators can create a more engaging and effective PBL experience. Additionally,
leveraging open-source educational platforms and online repositories can help mitigate
financial constraints by providing students and teachers with access to a wealth of scientific
resources. Schools can also partner with industry professionals and research institutions
to secure external funding and resources for PBL initiatives, ensuring that students have
the necessary tools to engage in meaningful inquiry-based learning.

Curriculum design integration is another crucial factor in improving PBL
effectiveness. PBL must be seamlessly incorporated into existing curricula while aligning
with educational standards and learning objectives. Dewi (2024) suggests developing a
structured project-based learning assessment guide that focuses on phenomenon-based
learning, helping educators design PBL activities that are both relevant and engaging. A
well-structured curriculum should outline clear learning goals, provide scaffolding to
support student inquiry, and integrate interdisciplinary connections across STEM fields.
By embedding PBL within national and regional science education frameworks, educators
can ensure that students develop essential scientific competencies without sacrificing
curriculum coverage. Additionally, flexible curriculum models that allow for
interdisciplinary collaboration can further enhance the effectiveness of PBL by fostering
connections between different scientific disciplines and real-world problem-solving
scenarios.

Teacher training and professional development play a vital role in ensuring the
successful implementation of PBL. Many educators feel unprepared to facilitate PBL
effectively due to a lack of training and experience in student-centered, inquiry-based
learning methodologies. Gonzalez-Cespon (2024) highlights the need for professional
development programs that equip educators with the skills to implement PBL and assess
learning outcomes rigorously. Training programs should focus on strategies for designing
meaningful problem-based activities, facilitating group work, and fostering student
autonomy. Additionally, professional learning communities (PLCs) can provide ongoing
support and collaboration opportunities for teachers, allowing them to share best practices
and refine their instructional approaches. Investing in teacher education ensures that
educators are well-equipped to navigate the complexities of PBL and provide students with
high-quality learning experiences.

A major challenge in PBL implementation is the assessment of student learning, as
traditional evaluation methods may not fully capture the depth of understanding and
problem-solving skills developed through PBL. Effective assessment strategies should
align with PBL objectives and measure students’ critical thinking, collaboration, and
inquiry skills. Pérez-Torregrosa et al. (2022) advocate for the use of digital rubric-based
assessments, which can provide a more comprehensive evaluation of students’
competencies. Implementing performance-based assessments, peer evaluations, and
reflective journals can help educators assess both individual contributions and group
dynamics. Additionally, e-portfolios can serve as a valuable tool for documenting students’
progress over time, allowing them to showcase their problem-solving abilities and
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scientific inquiry skills. By adopting a variety of assessment methods, educators can ensure
that PBL outcomes are accurately measured and effectively communicated to students and
stakeholders.

Finally, collaboration and the utilization of technology can enhance the effectiveness
of PBL while addressing key challenges. Encouraging partnerships between schools,
universities, industry professionals, and community organizations can provide students
with access to real-world expertise and authentic learning experiences. Gonzalez-Cespon
(2024) highlights the benefits of engaging community stakeholders in PBL projects, as this
approach fosters a sense of ownership and relevance among students. Additionally,
leveraging digital tools and online platforms can facilitate collaboration, project
management, and knowledge sharing. Pérez-Torregrosa et al. (2022) suggest using
technology to streamline the PBL process, such as incorporating virtual simulations,
interactive problem-solving tools, and online discussion forums. By integrating technology
into PBL instruction, educators can enhance student engagement, provide access to
diverse resources, and support differentiated learning experiences.

In conclusion, improving the effectiveness of PBL in science education requires a
multifaceted approach that addresses resource limitations, enhances curriculum design,
strengthens teacher preparedness, and implements innovative assessment methodologies.
By prioritizing resource allocation, developing structured curriculum frameworks,
investing in teacher training, adopting alternative assessment strategies, and leveraging
technology, educators can create a more effective and engaging PBL environment. These
strategies not only enhance scientific literacy, critical thinking, and interdisciplinary
learning but also prepare students for the complexities of modern scientific and
technological challenges. Institutions and policymakers must work collaboratively to
support PBL initiatives, ensuring that all students benefit from the transformative potential
of problem-based learning in STEM education.

CONCLUSION

This study has examined the implementation of Problem-Based Learning (PBL) in
science education through a comprehensive literature review, addressing its impact on
students’ learning experiences, the challenges associated with its adoption, and the
strategies that can enhance its effectiveness. The findings indicate that PBL has been
successfully implemented in various educational settings, including secondary schools,
higher education, and informal learning environments. Research supports its role in
fostering scientific literacy, improving comprehension, and strengthening the application
of scientific concepts through real-world problem-solving. Additionally, PBL enhances
students’ critical thinking and interdisciplinary learning within STEM education by
encouraging inquiry-based approaches and collaboration. However, its implementation
remains inconsistent across institutions due to challenges such as resource limitations,
teacher preparedness, and assessment difficulties.

The study has also identified key barriers to the effective implementation of PBL in
science education. These challenges include insufficient resources, lack of standardized
curriculum integration, limited teacher training, and the difficulty of assessing student
learning outcomes in PBL contexts. Many educators struggle to transition from traditional
teaching methods to student-centered facilitation, highlighting the need for professional
development programs that equip them with the necessary pedagogical skills.
Additionally, traditional assessment models do not always align with PBL’s inquiry-driven
approach, necessitating the development of alternative assessment strategies that
accurately measure problem-solving, collaboration, and critical thinking. Addressing these
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barriers is crucial to ensuring that PBL reaches its full potential as an effective instructional
method in science education.

To enhance the effectiveness of PBL, several strategies must be implemented,
including increased resource allocation, better curriculum alignment, improved teacher
training, and the integration of innovative assessment methodologies. Leveraging
technology can also facilitate collaboration and access to digital learning tools that support
PBL activities. Furthermore, fostering institutional support and community partnerships
can provide students with authentic problem-solving experiences that enhance their
engagement and learning outcomes. Future research should focus on the long-term impact
of PBL on student achievement, as well as its adaptability in online and hybrid learning
environments. By addressing these challenges and refining implementation strategies, PBL
can continue to serve as a powerful approach to preparing students for the demands of
modern science and technology.

RECOMMENDATION

Future research on Problem-Based Learning (PBL) in science education should
focus on developing scalable and adaptable implementation models that address existing
challenges, such as resource limitations, teacher training, and assessment alignment.
Longitudinal studies are needed to evaluate the long-term impact of PBL on students'
critical thinking, scientific literacy, and problem-solving abilities across diverse
educational settings. Additionally, further exploration of technology-enhanced PBL,
including virtual labs, artificial intelligence-driven tutoring, and collaborative online
platforms, can provide insights into optimizing digital learning experiences. Research
should also investigate strategies for integrating PBL into standardized curricula while
maintaining flexibility for inquiry-based learning. Lastly, comparative studies between
traditional and PBL-based instruction in various STEM disciplines can offer valuable
evidence to guide policymakers and educators in refining instructional frameworks and
assessment practices, ensuring that PBL remains an effective approach for equipping
students with 21st-century scientific competencies.
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