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Abstract. The increasing complexity of renewable energy systems and hybrid generation
technologies requires innovative educational approaches to prepare electrical engineering
students for modern power system challenges. This study presents the development and
evaluation of a hybrid generation technology learning device that integrates photovoltaic,
wind turbine, battery storage, and grid connection components within a single educational
platform. The system achieved 87% photovoltaic efficiency and 82% wind generation
efficiency with measurement accuracy within +3%. Educational effectiveness was
evaluated through a controlled study involving 120 students across three institutions.
Results demonstrated significant improvements in learning outcomes, with experimental
group students achieving 20.4% higher post-test scores compared to control groups (p <
0.001, Cohen's d = 1.24). Knowledge retention testing after six weeks showed sustained
advantages (74.1% vs 58.9%). Students exhibited 40% more conceptual connections and
enhanced practical skills development. Cost-effectiveness analysis revealed 44% lower
ownership costs compared to commercial alternatives. The learning device successfully
addresses gaps in existing educational resources while providing economically viable
solutions for widespread institutional adoption in electrical engineering programs.

Keywords: Hybrid generation technology, electrical engineering education, renewable
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1 Introduction

The rapid evolution of renewable energy systems and the increasing complexity of modermn
power generation technologies have created unprecedented challenges in electrical engineering
education. As the global energy landscape shifts toward sustainable and hybrid generation
systems, educational institutions face the critical task of preparing students with comprehensive
understanding of both conventional and renewable energy technologies [1]. Traditional teaching
methods, while foundational, often fall short in providing students with hands-on experience
necessary to grasp the intricacies of hybrid generation systems that integrate multiple energy
sources such as solar photovoltaic, wind, hydroelectric, and conventional thermal generation[2].
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The integration of practical learning experiences through specialized learning devices
has emerged as a crucial pedagogical approach in engineering education[3]. Research has
consistently demonstrated that active learning methodologies, particularly those incorporating
physical experimentation and simulation, significantly enhance student comprehension and
retention of complex engineering concepts. However, the development of effective learning
devices for hybrid generation technology presents unique challenges due to the
multidisciplinary nature of the subject matter, which encompasses power electronics, control
systems, renewable energy principles, and grid integration technologies.

Current educational approaches in electrical engineering programs often address
renewable energy and conventional generation systems as separate entities, failing to provide
students with integrated understanding of hybrid systems that are increasingly prevalent in
modern power infrastructure. This fragmented approach limits students' ability to comprehend
the synergistic relationships between different generation technologies and their optimal
coordination strategies. Furthermore, the lack of accessible, cost-effective learning devices
specifically designed for hybrid generation systems creates a significant gap between theoretical
knowledge and practical application skills[4].

The development of innovative learning devices that can effectively demonstrate
hybrid generation principles while remaining economically feasible for educational institutions
represents a critical need in contemporary electrical engineering education. Such devices must
balance complexity and accessibility, providing sufficient technical depth to challenge advanced
students while remaining comprehensible for those at introductory levels. Additionally, these
learning tools must be adaptable to various curriculum structures and learning objectives across
different educational contexts[5].

This study addresses these challenges by presenting the development of a
comprehensive hybrid generation technology learning device specifically designed for electrical
engineering education. The research aims to bridge the gap between theoretical knowledge and
practical understanding by providing students with hands-on experience in operating,
controlling, and optimizing hybrid generation systems. The proposed learning device integrates
multiple generation technologies within a single platform, enabling students to explore complex
interactions between different energy sources and understand the principles of optimal energy
management.

The significance of this research extends beyond immediate educational applications,
as it contributes to the broader objective of developing a skilled workforce capable of addressing
the complex challenges of modern power systems. By enhancing the quality of electrical
engineering education in the area of hybrid generation technology, this work supports the global
transition toward sustainable energy systems and helps prepare the next generation of engineers
to design, implement, and maintain increasingly sophisticated power infrastructure[6].

The following sections of this paper detail the methodology employed in developing the learning
device, present the results of educational effectiveness evaluation, and discuss the implications
for future developments in engineering education technology..



2 Literature Review

2.1 Evolution of Engineering Education Methodologies

The paradigm shift in engineering education from traditional lecture-based instruction
to experiential learning has been extensively documented in recent literature. Kolb's experiential
learning theory has served as a foundational framework for understanding how students acquire
complex technical knowledge through direct experience, reflection, abstract conceptualization,
and active experimentation. This theoretical foundation has been particularly relevant in
electrical engineering education, where abstract concepts often require practical reinforcement
for comprehensive understanding.

A recent study has demonstrated the effectiveness of a hands-on learning approach in
engineering education. A comparative analysis of traditional versus experiential learning
methods in an electrical engineering program found that students exposed to a hands-on learning
environment performed 35% better on problem-solving tasks and showed significantly
improved retention rates [7]. Practical laboratory experiences enhance students' ability to apply
theoretical knowledge to real-world engineering challenges, particularly in power systems and
renewable energy applications.

Integration of active learning methodologies that implement project-based learning approaches
into electrical engineering curricula. Students involved in hands-on projects demonstrate
improved critical thinking skills and a better understanding of system-level interactions. These
studies collectively emphasize the importance of experiential learning in developing competent
electrical engineering professionals.

2.2 Renewable Energy Education and Learning Devices

The increasing emphasis on renewable energy systems in engineering curricula has
prompted significant research into effective educational approaches for these complex
technologies. A comprehensive framework for integrating renewable energy concepts into
electrical engineering programs highlights the need for specialized learning tools that can
demonstrate the unique characteristics of solar, wind, and other renewable technologies[8].

They designed a modular photovoltaic learning system that allows students to
investigate various aspects of solar energy conversion, from basic cell characteristics to complex
array configurations. Their evaluation showed that students using the device achieved
significantly higher learning outcomes compared to those relying solely on theoretical
instruction and computer simulations[9].

Wind energy education has been studied through the development of an innovative
learning toolkit to create a scalable wind turbine system for educational purposes. Their toolkit
features real-time data acquisition capabilities, allowing students to analyze the relationship
between wind conditions and power output. The study revealed that hands-on experience with
the wind energy system significantly improved students' understanding of aerodynamic
principles and power electronics concepts[10].

Hydroelectric power education has attracted the attention of researchers who have developed
mini hydroelectric power generation systems for laboratory use. Their devices allow students to



explore the relationship between water flow, turbine design, and electrical output, providing
practical insight into the process of converting mechanical energy to electricity[11].

2.3 Hybrid Generation Systems in Power Engineering

The complexity of modern power systems has led to increased research focus on hybrid
generation technologies that combine multiple energy sources for optimal performance. Recent
literature has extensively explored the technical aspects of hybrid systems, including their
design principles, control strategies, and optimization techniques.

A comprehensive review of hybrid renewable energy systems identifies key challenges
in system integration, energy management, and grid connectivity. Their analysis reveals that
successful hybrid system implementation requires a deep understanding of the interactions
between different generating technologies, making education in this area particularly
challenging[12].

Several researchers have addressed the control and optimization of hybrid power
generation systems. They developed advanced control algorithms for hybrid solar-wind
systems, demonstrating the complexity of managing multiple power sources with varying output
characteristics. Their research highlights the need for educational approaches that can
effectively convey the intricacies of hybrid system control to engineering students.[13]

Integrating energy storage into hybrid systems has become an optimal battery management
strategy for grid-connected hybrid generation systems. Their research emphasizes the
importance of understanding energy storage dynamics in the context of variable renewable
energy generation, adding complexity to hybrid system education.

2.4 Educational Technology and Learning Device Development

The development of effective learning devices for engineering education has been the subject
of extensive research in recent years. The design principles for educational technology in
engineering have been established through various studies, emphasizing the importance of
scalability, cost-effectiveness, and pedagogical alignment.

A framework for developing engineering learning tools, proposing that effective educational
tools should balance technical accuracy with accessibility and ease of use. Their guidelines have
been widely adopted in subsequent research and have influenced the design of numerous
educational tools in electrical engineering.[14]

The integration of digital technologies with physical learning devices has been explored by
several researchers. Hybrid physical-digital learning environment for power systems education,
combining traditional laboratory equipment with virtual simulation capabilities. Their approach
demonstrated improved learning outcomes and enhanced student engagement compared to
purely physical or purely digital alternatives[15].

Cost-effectiveness considerations in developing learning tools analyze the economic factors
influencing the adoption of educational technology in engineering programs. Their research
reveals that successful learning tools must achieve an optimal balance between functionality
and affordability to ensure widespread institutional adoption[16].

2.5 Assessment and Evaluation of Learning Devices



The evaluation of educational effectiveness for engineering learning devices has been
extensively studied, with researchers developing various methodologies for assessing student
learning outcomes. Comprehensive evaluation approaches have been established that consider
both quantitative performance metrics and qualitative learning experience assessments.

Development of a standardized framework for evaluating the effectiveness of hands-on learning
devices in electrical engineering education. The methodology incorporates pre- and post-
assessment testing, student satisfaction surveys, and long-term retention analysis. This
framework has been adopted by several subsequent studies and has contributed to the
establishment of best practices in educational technology evaluation[17].

Measuring improvements in conceptual understanding through hands-on learning experiences
using concept mapping techniques to assess student knowledge development. Research shows
that students who use hands-on learning tools demonstrate significantly improved conceptual
connections and a deeper understanding of complex engineering principles[18].

2.6 Research Gaps and Opportunities

Despite the extensive research in renewable energy education and learning device development,
several significant gaps remain in the literature. Most existing studies focus on individual
generation technologies rather than integrated hybrid systems, leaving a substantial void in
educational approaches for complex multi-source generation systems.

The lack of comprehensive learning devices specifically designed for hybrid generation
technology education represents a critical gap in current educational resources. While individual
components such as solar panels and wind turbines have been addressed through various
educational tools, the integration of multiple technologies within a single learning platform
remains largely unexplored.

Furthermore, the economic constraints faced by educational institutions have not been
adequately addressed in existing research. Many proposed learning devices remain prohibitively
expensive for widespread adoption, limiting their practical impact on engineering education.

The scalability of educational approaches for different academic levels, from undergraduate
introductory courses to advanced graduate programs, has received limited attention in the
literature. Most existing research focuses on specific academic levels without considering the
adaptability requirements for comprehensive curriculum integration.

This literature review reveals that while significant progress has been made in individual areas
of renewable energy education and learning device development, substantial opportunities exist
for developing integrated, cost-effective, and scalable learning solutions for hybrid generation
technology education. The present research aims to address these identified gaps by developing
a comprehensive learning device specifically designed for hybrid generation technology
education in electrical engineering programs.

3 Methods

3.1 Research Design and Framework



This study employed a design-based research methodology to develop and evaluate the hybrid
generation technology learning device for electrical engineering education. The research
framework integrated iterative design processes, prototyping, testing, and evaluation phases to
ensure the development of an effective educational tool. The methodology was structured
around three primary phases: (1) design and development phase, (2) implementation and testing
phase, and (3) evaluation and refinement phase.

The research design incorporated both quantitative and qualitative data collection methods to
comprehensively assess the effectiveness of the developed learning device. A mixed-methods
approach was adopted to capture multiple dimensions of student learning experiences, including
knowledge acquisition, skill development, and engagement levels.

3.2 Learning Device Design and Development
3.2.1 System Architecture Design

The hybrid generation technology learning device was designed as a modular system capable of
demonstrating the integration of multiple energy sources. The system architecture incorporated
four primary generation modules: photovoltaic (PV), wind turbine, battery storage, and grid
connection interface. Each module was designed to operate independently or in combination
with other modules, allowing students to explore various hybrid generation configurations.

The electrical specifications of the learning device were established based on safety
requirements for educational environments and scalability considerations. The system operated
at low voltage levels (12V DC and 24V DC) to ensure student safety while maintaining
sufficient complexity to demonstrate real-world principles. Maximum power ratings were
limited to 100W per generation source to ensure manageable system size and cost-effectiveness.

3.2.2 Hardware Component Selection and Integration

Component selection for the learning device prioritized educational value, safety, cost-
effectiveness, and reliability. The photovoltaic module consisted of four 25W monocrystalline
silicon panels arranged in a configurable array, allowing students to investigate series and
parallel connections. A scaled wind turbine generator with variable speed capability was
incorporated to demonstrate wind energy conversion principles.

The energy storage system utilized lithium iron phosphate (LiFePO4) batteries with integrated
battery management system (BMS) for safety and monitoring capabilities. Power electronic
interfaces included DC-DC converters, maximum power point tracking (MPPT) controllers, and
inverters to demonstrate power conditioning and grid integration concepts.

Data acquisition and monitoring systems were integrated throughout the device to provide real-
time visibility into system performance parameters. Voltage, current, power, and energy
measurements were continuously monitored and displayed through a user-friendly interface,
enabling students to observe the dynamic behavior of hybrid generation systems.

3.2.3 Software Development and User Interface Design

A comprehensive software platform was developed to support the learning device functionality,
incorporating real-time monitoring, data logging, and educational content delivery capabilities.
The software architecture was designed using modular programming principles to ensure
maintainability and expandability.



The user interface was designed following educational technology best practices, emphasizing
clarity, intuitive navigation, and progressive complexity. Multiple user modes were
implemented to accommodate different learning levels, from basic introductory concepts to
advanced system optimization techniques. Interactive simulation capabilities were integrated to
supplement physical experimentation with virtual scenarios.

3.3 Educational Content Development
3.3.1 Curriculum Integration Framework

The educational content for the hybrid generation technology learning device was developed in
alignment with established electrical engineering curriculum standards. Learning objectives
were defined for multiple academic levels, from undergraduate introductory courses to
advanced graduate programs. The content framework addressed fundamental concepts
including renewable energy principles, power electronics, control systems, and energy
management strategies.

Structured laboratory experiments were designed to guide students through progressively
complex learning experiences. Each experiment included pre-laboratory theoretical preparation,
hands-on implementation procedures, data collection requirements, and post-laboratory analysis
activities. Assessment rubrics were developed to evaluate student performance across multiple
learning domains.

3.3.2 Experimental Procedure Development

A comprehensive set of experimental procedures was developed to maximize the educational
value of the learning device. The procedures were organized into three categories: individual
component characterization, system integration studies, and optimization experiments. Each
category addressed specific learning objectives while building upon previously acquired
knowledge.

Individual component experiments focused on understanding the fundamental characteristics of
each generation technology. Students investigated PV module I-V characteristics under various
irradiance and temperature conditions, analyzed wind turbine power curves at different wind
speeds, and examined battery charging and discharging behavior.

System integration experiments enabled students to explore the interactions between multiple
generation sources and energy storage systems. These experiments addressed load sharing,
power quality considerations, and grid integration challenges. Advanced optimization
experiments introduced students to energy management strategies and control system design
principles.

3.4 Validation and Testing Methodology
3.4.1 Technical Performance Validation

The technical performance of the hybrid generation technology learning device was validated
through comprehensive testing protocols designed to verify system functionality, safety, and
educational effectiveness. Performance testing included accuracy verification of measurement
systems, validation of control algorithms, and assessment of system reliability under various
operating conditions.



Calibration procedures were established for all measurement instruments to ensure data
accuracy and consistency. Comparative testing was conducted using certified reference
instruments to validate the measurement capabilities of the learning device. Safety testing
protocols verified compliance with relevant electrical safety standards for educational
equipment.

3.4.2 Educational Effectiveness Evaluation

The educational effectiveness of the learning device was evaluated through controlled studies
involving electrical engineering students at multiple academic institutions. The evaluation
methodology incorporated pre-test and post-test assessments to measure knowledge acquisition,
practical skills development, and conceptual understanding improvements.

A total of 120 undergraduate and graduate students participated in the evaluation study across
three different universities. Participants were randomly assigned to experimental and control
groups to enable comparative analysis of learning outcomes. The experimental group utilized
the hybrid generation technology learning device, while the control group received traditional
instruction methods.

Assessment instruments included multiple-choice knowledge tests, practical skills evaluations,
and concept mapping exercises. Pre-test assessments were administered to establish baseline
knowledge levels, followed by structured learning experiences using either the developed
learning device or traditional methods. Post-test assessments were conducted immediately after
the learning experience and again after a six-week retention period.

3.5 Data Collection and Analysis Methods
3.5.1 Quantitative Data Collection

Quantitative data collection focused on measurable learning outcomes and system performance
parameters. Student assessment scores were collected through standardized testing instruments
designed to evaluate knowledge acquisition and skill development. System performance data
were automatically logged during experimental sessions, providing detailed information about
student interaction patterns and learning progression.

Statistical analysis methods were employed to evaluate the significance of learning outcome
differences between experimental and control groups. Analysis of variance (ANOVA)
techniques were used to identify significant factors influencing learning effectiveness, while
correlation analysis explored relationships between different performance indicators.

3.5.2 Qualitative Data Collection

Qualitative data collection methods were implemented to capture student perceptions,
experiences, and satisfaction levels with the hybrid generation technology learning device.
Semi-structured interviews were conducted with selected participants to gain deeper insights
into the learning experience and identify areas for improvement.

Student feedback surveys were administered to collect systematic input on various aspects of
the learning device, including ease of use, educational value, and overall satisfaction. Open-
ended questions were included to encourage detailed feedback and suggestions for
enhancement.



Focus group discussions were organized to facilitate peer interaction and collaborative
reflection on the learning experience. These sessions provided valuable insights into group
dynamics and collaborative learning aspects of the educational technology.

3.6 Ethical Considerations and Limitations
3.6.1 Ethical Approval and Informed Consent

All research activities involving human participants were conducted in accordance with
established ethical guidelines for educational research. Institutional Review Board (IRB)
approval was obtained from participating universities prior to data collection activities.
Informed consent was obtained from all participants, clearly explaining the research objectives,
procedures, and their rights as research subjects.

Participant confidentiality and data privacy were maintained throughout the study through the
use of anonymized identification codes and secure data storage procedures. Participation was
entirely voluntary, with no penalties for non-participation or withdrawal from the study.

3.6.2 Study Limitations

Several limitations were acknowledged in the research design and methodology. The study
duration was limited to one academic semester, potentially limiting the assessment of long-term
learning retention and skill transfer. The participant sample was restricted to students from
electrical engineering programs, limiting the generalizability of findings to other engineering
disciplines.

Resource constraints limited the number of learning devices available for evaluation, potentially
affecting the comprehensiveness of the testing process. Geographic limitations restricted the
evaluation to institutions within a specific region, which may limit the broader applicability of
the findings.

The complexity of measuring conceptual understanding and practical skills development
presents inherent challenges in educational research. While multiple assessment methods were
employed to address these challenges, the subjective nature of some evaluation criteria may
introduce measurement variability.

4. Results and Discussion

4.1 Learning Device Development Results
4.1.1 Technical Specifications and System Performance

The developed hybrid generation technology learning device successfully integrated multiple
energy sources within a compact, educational platform. The final system specifications
demonstrated effective balance between educational functionality and practical constraints. The
photovoltaic module achieved peak power output of 100W under standard test conditions
(STC), while the wind turbine generator produced maximum output of 75W at rated wind speed
of 12 m/s.
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Fig.1. System Performance Metrics

The energy storage system incorporated a 100Ah LiFePO4 battery bank capable of
supporting continuous operation for extended laboratory sessions. System efficiency
measurements revealed overall energy conversion efficiency of 87% for the photovoltaic
subsystem and 82% for the wind generation subsystem, which aligned closely with theoretical
expectations and commercial system performance.

Data acquisition accuracy was validated through comparison with certified reference
instruments, demonstrating measurement errors within £2% for voltage measurements and +3%
for current measurements. These accuracy levels were deemed acceptable for educational
applications while providing students with realistic exposure to measurement uncertainties in
practical engineering systems.

4.2 Educational Effectiveness Evaluation Results
4.2.1 Knowledge Acquisition Assessment

The evaluation of educational effectiveness involved 120 students across three academic
institutions, with 60 students in the experimental group (using the hybrid generation learning
device) and 60 students in the control group (receiving traditional instruction). Pre-test
assessments confirmed comparable baseline knowledge levels between groups, with mean
scores of 42.3% (experimental) and 41.8% (control) showing no statistically significant
difference (p = 0.73).
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Fig.2. Knowledge Acquisition Assessment Results

Post-test assessments revealed significant improvements in knowledge acquisition for
students using the hybrid generation learning device. The experimental group achieved mean
post-test scores of 78.6% compared to 65.2% for the control group, representing a statistically
significant difference (p < 0.001). The effect size (Cohen's d = 1.24) indicated a large practical
significance of the intervention.

Retention testing conducted six weeks after the initial learning experience
demonstrated sustained knowledge advantages for the experimental group. Mean retention
scores were 74.1% for the experimental group versus 58.9% for the control group (p < 0.001),
suggesting that hands-on learning with the hybrid generation device promoted more durable
knowledge retention.

4.2 Educational Effectiveness Evaluation Results
4.2.1 Knowledge Acquisition Assessment

The evaluation of educational effectiveness involved 120 students across three academic
institutions, with 60 students in the experimental group (using the hybrid generation learning
device) and 60 students in the control group (receiving traditional instruction). Pre-test
assessments confirmed comparable baseline knowledge levels between groups, with mean
scores of 42.3% (experimental) and 41.8% (control) showing no statistically significant
difference (p = 0.73).

Post-test assessments revealed significant improvements in knowledge acquisition for students
using the hybrid generation learning device. The experimental group achieved mean post-test



scores of 78.6% compared to 65.2% for the control group, representing a statistically significant
difference (p < 0.001). The effect size (Cohen's d = 1.24) indicated a large practical significance
of the intervention.

Retention testing conducted six weeks after the initial learning experience demonstrated
sustained knowledge advantages for the experimental group. Mean retention scores were 74.1%
for the experimental group versus 58.9% for the control group (p < 0.001), suggesting that
hands-on learning with the hybrid generation device promoted more durable knowledge
retention.

4.2.2 Conceptual Understanding Development

Concept mapping assessments revealed significant improvements in students' understanding of
relationships between different components of hybrid generation systems. Students in the
experimental group demonstrated more comprehensive and accurate concept maps, with an
average of 23.4 valid conceptual connections compared to 16.7 connections for the control
group (p <0.01).
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p < 0.01 for conceptual connections difference between groups

Fig.3. Conceptual Understanding Assessment

The quality of conceptual understanding was evaluated through analysis of concept
map complexity and accuracy. Experimental group students showed superior understanding of
system integration principles, energy management strategies, and the interdependencies
between different generation technologies. These improvements were particularly evident in
advanced concepts such as load balancing and grid integration challenges.

Problem-solving skill assessments demonstrated enhanced ability among experimental
group students to analyze complex hybrid generation scenarios. When presented with system
optimization challenges, experimental group students achieved 15% higher success rates in
developing viable solutions compared to control group students.



4.2.3 Practical Skills Development

Hands-on skills assessment revealed significant advantages for students who utilized
the hybrid generation learning device. Practical skills were evaluated through standardized
laboratory exercises requiring students to configure, operate, and troubleshoot hybrid generation
systems. Experimental group students completed tasks 28% faster on average and achieved 22%
higher accuracy scores compared to control group students.

Equipment familiarity and confidence levels showed marked improvements among
experimental group students. Self-reported confidence in working with renewable energy
systems increased from an average of 3.2 to 7.8 on a 10-point scale for experimental group
students, compared to an increase from 3.1 to 5.4 for control group students.

The ability to transfer learning to new contexts was assessed through novel problem scenarios
not directly covered in the instructional materials. Experimental group students demonstrated
superior transfer capabilities, successfully applying learned principles to unfamiliar hybrid
generation configurations at rates 35% higher than control group students.

4.3 Student Satisfaction and Engagement Analysis
4.3.1 Learning Experience Satisfaction

Student satisfaction surveys revealed high levels of approval for the hybrid generation
technology learning device. Overall satisfaction ratings averaged 4.6 out of 5.0, with 89% of
students indicating they would recommend the learning experience to other students. Specific
aspects receiving particularly high ratings included the hands-on learning opportunities (4.7/5.0)
and the integration of multiple technologies within a single platform (4.5/5.0).

Dissatisfied 3.0%
Neutral 8.0%

Very Satisfied isfied 33.0%

Overall satisfaction rating: 4.6/5.0 (89% would recommend to others)

Fig.4. Student Satisfaction Distribution (n=60)

Qualitative feedback from student interviews highlighted several key advantages of the
learning device approach. Students frequently mentioned improved understanding of system
complexity, enhanced appreciation for renewable energy technologies, and increased
motivation to pursue careers in sustainable energy systems. Many students noted that the visual
and tactile aspects of learning significantly improved their comprehension of abstract concepts.



Areas for improvement identified through student feedback included desires for additional
experimental scenarios, expanded simulation capabilities, and enhanced data analysis tools.
These suggestions have been incorporated into ongoing development efforts for future iterations
of the learning device.

4.3.2 Engagement and Motivation Levels

Engagement measurement through behavioral observation and self-report surveys demonstrated
significantly higher engagement levels among students using the hybrid generation learning
device. Time-on-task measurements showed experimental group students spent an average of
23% more time actively engaged with learning materials compared to control group students.

Intrinsic motivation assessments revealed enhanced interest in renewable energy topics among
experimental group students. Post-instruction surveys showed 67% of experimental group
students expressed increased interest in pursuing advanced coursework in renewable energy
systems, compared to 34% of control group students.

Collaborative learning behaviors were notably enhanced during group exercises involving the
learning device. Students demonstrated improved communication skills, more effective division
of labor, and enhanced peer teaching behaviors when working with the hands-on learning
platform.

4.4 Cost-Effectiveness and Scalability Analysis
4.4.1 Economic Feasibility Assessment

The total development cost of the hybrid generation technology learning device was $3,450 per
unit, including all hardware components, software development, and educational content
creation. Comparative analysis with existing commercial educational equipment revealed
competitive pricing, with similar functionality devices ranging from $4,000 to $8,500/ unit.
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Total 5-year cost savings: $2,755 per device compared to commercial alternatives

Fig.5. Cost-Effectiveness Comparison (USD)

Cost-benefit analysis considering the improved learning outcomes demonstrated
favorable return on investment for educational institutions. The enhanced knowledge retention
and skill development observed in experimental group students translated to estimated
educational value of $1,200 per student per semester, based on established metrics for
educational technology effectiveness.



Maintenance and operational costs were evaluated over a 12-month period, revealing minimal
ongoing expenses. Consumable materials costs averaged $45 per semester per device, while
maintenance requirements were limited to annual calibration procedures costing approximately
$150 per device.

4.4.2 Scalability and Adoption Considerations

The modular design of the learning device facilitated scalable implementation across multiple
educational contexts. Individual modules could be acquired separately to accommodate varying
budget constraints, allowing institutions to implement the system gradually. Entry-level
configurations starting at $1,800 provided basic functionality suitable for introductory courses,
while complete systems offered comprehensive capabilities for advanced instruction.

Faculty training requirements were assessed through instructor preparation sessions at
participating institutions. Average training time of 8 hours per instructor was sufficient to
achieve competency in device operation and educational content delivery. Training materials
and support resources were developed to facilitate widespread adoption.

Institutional adoption barriers were identified through interviews with administrators and
faculty members. Primary concerns included initial capital investment, space requirements, and
technical support needs. However, 85% of interviewed institutions expressed intent to acquire
the learning device for their programs, indicating strong market acceptance.

4.5 Discussion of Results
4.5.1 Educational Impact and Implications

The significant improvements in learning outcomes observed in this study demonstrate the
substantial educational value of hands-on learning approaches for complex engineering topics.
The hybrid generation technology learning device effectively addressed identified gaps in
existing educational resources by providing integrated, practical experience with multiple
energy technologies.

The enhanced knowledge retention observed six weeks after instruction suggests that
experiential learning with the developed device promotes deeper, more durable understanding
compared to traditional instructional methods. This finding has important implications for
curriculum design and resource allocation in electrical engineering programs.

The superior performance of experimental group students in problem-solving and knowledge
transfer tasks indicates that hands-on experience with integrated systems promotes development
of higher-order thinking skills. These capabilities are essential for engineering professionals
working with increasingly complex renewable energy systems.

4.5.2 Comparative Analysis with Existing Educational Technologies

The learning outcomes achieved with the hybrid generation technology learning device compare
favorably with results reported in previous studies of educational technology in engineering
education. The effect size of 1.24 for knowledge acquisition exceeds typical effect sizes of 0.6-
0.8 reported for educational technology interventions in engineering [19].



The integration of multiple generation technologies within a single learning platform represents
a significant advancement over existing single-technology educational devices. Students
demonstrated superior understanding of system integration principles compared to studies
utilizing separate devices for individual technologies[20].

The cost-effectiveness of the developed device compares favorably with commercial
alternatives while providing enhanced educational functionality. The customizable software
platform and comprehensive educational content represent significant value additions not
typically available with commercial equipment.

4.5.3 Limitations and Areas for Improvement

Several limitations of the current study should be acknowledged when interpreting the results.
The evaluation period of one academic semester may not capture long-term educational impacts
or skill retention beyond the measured six-week period. Longitudinal studies would provide
valuable insights into the lasting effects of the educational intervention.

The geographical concentration of participating institutions may limit the generalizability of
findings to different educational contexts and student populations. Broader evaluation across
diverse institutional settings would strengthen the validity of conclusions.

Technical limitations of the current device design include power output constraints that prevent
investigation of large-scale system behavior and grid integration challenges typical of utility-
scale installations. Future developments should address these limitations to provide more
comprehensive educational experiences.

4.5.4 Future Development Directions

The successful demonstration of educational effectiveness and student acceptance provides a
foundation for continued development and enhancement of the hybrid generation technology
learning device. Immediate priorities include expansion of simulation capabilities, development
of additional experimental modules, and enhancement of data analysis tools based on student
feedback.

Integration of emerging technologies such as advanced energy storage systems, smart
grid communications, and artificial intelligence for energy management represents exciting
opportunities for future device iterations. These enhancements would ensure continued
relevance as renewable energy technologies continue to evolve.

The development of online and remote learning capabilities has been identified as a
critical need, particularly in light of recent trends toward distributed education delivery. Cloud-
based data access and virtual laboratory experiences would extend the reach and impact of the
educational technology.

Collaboration opportunities with industry partners could provide pathways for
incorporating cutting-edge technologies and real-world case studies into the educational
experience. Such partnerships would enhance the practical relevance of the learning device
while providing students with exposure to current industry practices and challenges.



5. Conclusions

This study successfully developed and evaluated a hybrid generation technology
learning device that significantly enhances electrical engineering education in renewable energy
systems. The integrated platform, combining photovoltaic, wind turbine, battery storage, and
grid connection components, achieved technical specifications closely matching theoretical
expectations with 87% photovoltaic efficiency and 82% wind generation efficiency.
Educational effectiveness evaluation involving 120 students across three institutions
demonstrated substantial improvements in learning outcomes, with experimental group students
achieving 20.4% higher post-test scores (p < 0.001, Cohen's d = 1.24) and superior knowledge
retention after six weeks (74.1% vs 58.9% for control group). Students using the learning device
showed 40% more valid conceptual connections, enhanced practical skills development, and
significantly improved problem-solving capabilities. The cost-effectiveness analysis revealed
44% lower total ownership costs compared to commercial alternatives, making the solution
economically viable for widespread institutional adoption.

The research makes significant contributions to engineering education by providing
empirical evidence for the effectiveness of hands-on, integrated learning approaches in complex
technical domains. The enhanced student engagement, satisfaction levels (4.6/5.0), and career
interest development demonstrate that experiential learning not only improves immediate
educational outcomes but also contributes to long-term workforce development in the
sustainable energy sector. The device's modular design and scalability characteristics address
practical implementation challenges while accommodating diverse institutional needs and
curriculum structures. Future developments should focus on integrating emerging technologies
such as smart grid communications and artificial intelligence, developing cloud-based remote
learning capabilities, and establishing industry partnerships to maintain educational relevance.
The success of this research establishes a foundation for continued innovation in engineering
education technology and represents a meaningful step toward preparing skilled professionals
capable of addressing the complex challenges of modern sustainable energy systems.
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