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The aim of this study is to systematically evaluate, through a meta-analysis, the impact of STEM
instruction based on solar energy on students’ research abilities. In the study, 10 empirical works published
over the past decade were selected, and their standardized effect sizes were synthesized. The analysis was
conducted using a random-effects model. The results showed a pooled mean effect size of d = 1.488 (95%
Cl: 0.942-2.035, p < 0.001), indicating a strong positive effect of STEM interventions in the context of solar
energy on research abilities. Heterogeneity among studies was at a moderate level (12 = 58%), suggesting
that the magnitude of the effect may vary depending on the educational context.

The results of publication bias assessment confirmed the stability of the overall effect. In addition,
meta-regression analysis showed that the most pronounced effect of the STEM approach was observed in
the domain of research skills (p < 0.01). To complement the meta-analytic findings, an additional cross-
sectional correlational study was conducted with 49 students who participated in a solar energy-based STEM
learning program. Students’ engagement in STEM activities and their research competence were assessed
using two composite indicators, STEM Level and Research Activity, each standardized on a 0-100 scale.
Pearson’s correlation analysis was used to examine the relationship between these indicators. The
complementary empirical analysis revealed a strong positive correlation between STEM Level and Research
Activity (r = 0.807, p < 0.001), providing convergent contextual evidence consistent with the direction of the
meta-analytic findings.
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Byn 3epmmeydiH Makcambl — KyH aHepaemuKkacbiHa HezizdenzeH STEM okbimyOdbiH binim anywsinap-
ObIH 3epmmeywirnik KabinemmepiHe acepiH mema-manday apkblinbi Xydesi 6aranay. S3epmmey 6apbicbiHOa
COHfbI OH Xblnda xapusinaHfaH 10 amnupukarnsik eHbek ipikmenin, onapObiH cmaHdapmmarfaH acep Meri-
wepnepi 6ipikmipindi. Tanday ke3delicok acepriep modesi HeaidiHOe xypei3indi. Hemuxenep 6ipikmipinzeH
opmauwa acep MenuwepiHiH d = 1,488 (95% cenimdinik apaneirbl: 0,942—2,035, p < 0,001) 6onraHbIH Kep-
cemmi, 6y KyH aHepeemukacbkl KoHmekciHOeai STEM uHmepeeHyusinapbiHbIH 3epmmeyuwinik Kkabinemmep-
2e Kywmi oH acep ememiHiH 6indipedi. S3epmmeynep apacbiHOarbl 2emepo2eHdinik opmawa OeHeelide
6ondbi (1?7 = 58%), 6yn acep menwepiHiH 6inim 6epy KOHmMeKciHe balislaHbicmbl ©32epyi MYMKIH €KeHIH
kepcemedi. KapusinaHbiMObIK aybimKydbl baranay Homuxersnepi xasnrnbl 9cepOiH mypakmbinbifbiH pacmadsbi.
CoHbiMeH Kamap mema-pezpeccusinibik manday STEM meciniHiH eH alikblH acepi 3epmmeywinik 0arFdbiiap
canacbiHOa balikanraHbiH kepcemmi (p < 0,01). Mema-manday HemuxesnepiH morsnbIKmbIpy MakcambsiHOa
KyH 3HepeemukacbiHa HezizdenzeH STEM okbimy 6ardapriamachbiHa KambickaH 49 6inimM anywbsiHbIH Kambl-
CybIMEH KOCbIMWa KernideHeH KoppensayusinblK 3epmmey Xypaisindi. binim anywsinapdsiH STEM ic-epekem-
mepiHe Kambicy OeHeeli MeH 3epmmeywinik Ky3sipemminiei 0—100 wkanacekl 6olbiHWa cmaHdapmmarfaH
STEM Level xoHe Research Activity ammbl eki XubIHMbIK Kepcemkiwl apKbiibl baranaHObl. Ocbl Kepcem-
Kiumep apacbiHOarbl 6alinaHbicmbl aHblKmay ywiH [TupCOHHbIH KoppenayusnbiKk masndaybl KondaHbliobl.
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Kocbimwa amnupukansik manday STEM Level neH Research Activity apacbiHOa Kywmi oH Koppensyusi bap
eKkeHiH kepcemmi (r = 0,807, p < 0,001). byn Hemuxe mema-marnday KopbimbIHObINapbIHbIH 6afbiMmbiMeH
colikec KeriemiH KoHmekcmik dasnendepdi ycbiHadbi.
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Oarldbinap, Mema-aHanus, xobarsbiK OKbImy, xxaHapmabliambiH dHepaus ke3depi bolibiHwa binim bepy, uHxe-
Hepriik olinay, 3epmmeyae HezizdesieeH OKbimy.
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Llenb daHHO20 uccriedosaHus 3aKroYyaemcsi 8 cucmeMamu4eckol oueHKe nocpedcmeomM MemaaHa-
nu3sa enusHusi STEM-o0bydyeHusi, 0CHO8aHHO20 Ha UCI01b308aHUU COMHEYHOU 3Hepaemuku, Ha uccredoesa-
mernbcKue criocobHocmu obyyarowjuxcsi. B uccnedosaHuu 6binu omobpaHsl 10 sMmnupudeckux pabom,
onybriukosaHHbIX 3a nocrnedHee decsimusiemue, U CUHME3UpPOo8aHbl UX cmaHOapmu3upo8aHHble pa3mephbl
agbgpekma. AHanu3s rposodurics ¢ ucronb3osaHuem mModesnu criydalHbix aghghekmos. Pe3ynbmamsi nokasa-
iU, Ymo 0b6bedUHEHHbIU cpedHul pasmep aghghbekma cocmasun d = 1,488 (95% OosepumernbHbIl UHMEp-
ean: 0,942-2,035, p < 0,001), yumo ceudemesnbcmeyem O CUSIbHOM [10/10XKUMenIbHOM enusiHuu STEM-
UHMep8eHUUl 8 KOHMeKcme COJIHeYHOU 3HepeemuKku Ha uccriedogsamersibCKue criocobHocmu obyyaroujux-
cs. FfemepozeHHocmb mexdy uccnedosaHusiMu Haxolurnacbk Ha yMepeHHOM ypoeHe (17 = 58%), yka3bigas Ha
mo, Ymo eesniuduHa 3ghghekma Moxem 8apbuUpPoB8ambCsi 8 3agUcuMocmu om obpa3oeamesibHO20 KOHMEKC-
ma. Pe3ynbmamsi ouyeHKU nybriukayuoHHo20 cMeweHuss nodmeepousnu ycmoldyugocme obuje2o sghghbekma.
Kpome mozo, memapezpeccuoHHbIl aHanu3 rnokasars, 4mo Hauboree ebipaxeHHbIl achgpekm STEM-rodxo-
Oa Habmodarsncsi 8 obriacmu uccriedogameribCKUx Haebikog (p < 0,01). [na dononHeHus pesyribmamos
mMemaaHarnu3a 6bb1io npoeedeHo AornonHUMenbHoe nonepeyHoe KoppensayuoHHoe uccriedogaHue ¢ ydacmu-
em 49 oby4darowuxcs, npowedwux rpoepammy STEM-06yyeHusi, OCHO8aHHYO Ha COMHEYHOU 3Hepaemuke.
BosneuéHHocmb obyyaroujuxca e STEM-0esmenbHocmb U UX uccriefogamerisckas KOMMemeHmMHOCMb
oueHusarnuchk ¢ ucrosib3ogaHueM 08yx UHmMezparsbHbix nokasamenel — STEM Level u Research Activity,
Kax0bIl u3 komopbix 6b11 cmaHdapmu3uposaH o wkane om 0 0o 100. [ usy4eHus1 83aUMOC8s3U MeXOY
OaHHbIMU 0Ka3amernamu MPUMEHSIICS KoppensuuoHHbIl aHanu3 [lMupcora. [ononHumenbHbIU aMiupu-
Yyeckull aHasu3 8bis18usl CUbHYH ronoxumerbHyro Koppensuuro mexdy STEM Level u Research Activity (r
= 0,807, p < 0,001), ymo obecrnedugaem coeriaco8aHHble KOHMeKCMyarsbHble JoKa3amersibcmea, coomeem-
cmeytoujue HarpasieHuo pe3yibmamos MemaaHarnu3a.

Knrouyeenie cnoea: STEM-obpa3oeaHue, corHe4YHasi aHepausi, homoariekmpudyeckoe obpasosaHue,
uccriedosamernbCcKue HaeblKU, Mema-aHanus, npoekmHdoe oby4yeHue, obpasogaHue 8 obracmu 80306HO8-
niaemMoll IHep2emMuUKU, UHXEeHepHoe MbiuwreHue, uccrnedosamernbckoe obyyeHue.

Introduction. Contemporary global development trends require a fundamental transformation of
energy systems. Climate change, the depletion of natural resources, rapid population growth, and increasing
energy demand are driving the global community toward a low-carbon development model. The decarboni-
zation process is no longer solely an environmental objective but has become a strategic prerequisite for
economic sustainability and technological independence.

In this context, renewable energy sources, particularly solar energy, are regarded as one of the key
pillars of the global energy transition. Solar energy is a clean and environmentally friendly energy source that
significantly reduces greenhouse gas emissions while decreasing dependence on fossil fuels [1]. Over the
past decades, the cost of photovoltaic technologies has declined substantially, enabling solar electricity to
become economically competitive with conventional energy sources in many regions worldwide [2].

Another important advantage of solar energy is its virtually inexhaustible potential. The amount of so-
lar radiation reaching the Earth's surface exceeds current global energy consumption by several orders of
magnitude, making solar power a cornerstone of long-term sustainable development [3]. Furthermore, the
adoption of solar technologies enhances national energy security, reduces reliance on imported fossil fuels,
and mitigates geopolitical risks associated with energy supply [4].

From a social perspective, solar photovoltaic systems provide an effective solution for supplying
electricity to remote and off-grid communities. Their modular design and installation flexibility enable
widespread deployment at the local level [5]. This contributes to improving quality of life while supporting the
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development of education, healthcare, and communication services. In addition, investments in the solar
energy sector create new employment opportunities, stimulate local manufacturing, and promote techno-
logical innovation [6].

The global energy transition also places new demands on education systems. Future professionals
should possess not only theoretical knowledge but also the ability to work with real technological systems,
analyze data, and make engineering decisions. In line with the Sustainable Development Goals (SDGs),
educational curricula should be updated to integrate green technologies and digital tools into the learning
process [7].

Solar energy provides an effective interdisciplinary platform for education. By integrating physics,
mathematics, engineering, information technology, and environmental science, it enables students to engage
in authentic, practice-oriented learning experiences. Activities such as investigating the operating parameters
of photovoltaic modules, analyzing the effects of solar irradiance and incident angle, and evaluating
temperature dependence contribute to the development of students’ practical and analytical skills [8].

The STEM (Science, Technology, Engineering, and Mathematics) approach represents an integrated
model of contemporary education. This framework combines natural sciences, technology, engineering de-
sign, and mathematical analysis into a unified learning system. STEM-based instruction emphasizes
problem-solving, project-based activities, and evidence-based reasoning [9].

Teaching solar energy within the STEM framework enables students to engage in authentic research
activities through interaction with real engineering systems [10]. Since photovoltaic systems are based on
measurable physical variables, they provide an ideal environment for conducting experiments, formulating
hypotheses, collecting empirical data, and performing statistical analyses.

Research skills refer to an individual's ability to formulate scientific questions, design research proce-
dures, collect and analyze data, interpret findings, and propose evidence-based conclusions [11]. In today's
technology-driven society, these competencies are considered among the most essential professional skills
required for future specialists.

Previous studies have demonstrated that STEM instructional models implemented in the context of
solar energy—including Project-Based Learning STEM (PjBL-STEM), the 5E-based STEM model, SESTEM,
prototype-based instruction, and industry-oriented learning modules—significantly enhance students' creati-
vity, critical thinking, engineering design skills, and academic achievement. However, most of these studies
have focused on individual interventions, specific instructional modules, or localized experimental groups,
limiting the generalizability of their findings.

The aim of this study is to systematically evaluate the impact of solar energy-based STEM education
in physics on students' research skills through a meta-analysis and to provide empirical support for the
findings using data obtained from an additional pedagogical experiment.

The objectives of the study are as follows:

- To determine the standardized effect sizes of the selected studies and calculate the pooled overall
effect size using a random-effects model.

- To statistically evaluate the impact of solar energy-based STEM interventions on students'
research skills.

- To clarify the contribution of the STEM approach to the development of research skills through
meta-regression analysis.

- To examine the relationship between students’ level of engagement in solar energy-based STEM
learning and their research activity through a complementary empirical study.

- To compare the direction and substantive interpretation of the empirical findings with the pooled
results of the meta-analysis without statistically combining the two independent datasets.

Scientific Novelty of the Study. The scientific novelty of this study lies in the systematic evaluation of
the impact of solar energy-based STEM education on students' research skills through a meta-analysis,
providing robust statistical evidence of its pedagogical effectiveness. Standardized effect sizes from empiri-
cal studies published over the past decade were synthesized using a random-effects model, demonstrating
that STEM interventions implemented in the context of solar energy have a strong positive effect on the
development of students' research skills.

Furthermore, analyses of between-study heterogeneity, publication bias, and meta-regression provi-
ded scientific evidence that the effectiveness of the STEM approach may vary depending on the educational
context. In addition, data obtained from a complementary pedagogical experiment revealed a strong positive
relationship between the level of STEM implementation and students' research activity, thereby providing
empirical support for the meta-analysis findings.

Overall, the study proposes solar energy-based STEM education as an effective pedagogical model
for fostering students' scientific inquiry, strengthening research competencies, and preparing future profes-
sionals capable of meeting the demands of sustainable development.

Materials and Methods. Since the aim of this study was to comprehensively evaluate the impact of
solar energy-based STEM interventions on students' research skills, it was necessary to synthesize evidence
from individual empirical studies. Therefore, meta-analysis was selected as the most appropriate methodolo-
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gical approach, as it enables the integration of findings from studies conducted in different educational
contexts into a single quantitative model.

The study was organized as a two-component evidence synthesis design. The first component con-
sisted of a systematic review and meta-analysis intended to estimate the pooled effect of solar energy-based
STEM interventions across previously published studies. The second component consisted of a comple-
mentary empirical correlational study conducted in a local educational context. The purpose of the second
component was not to include the local data as an additional effect size in the meta-analysis or to indepen-
dently validate the pooled estimate. Rather, it was used to examine whether the relationship between
participation in STEM-based learning and research competence demonstrated a direction consistent with the
synthesized international evidence. The two components were interpreted through methodological triangu-
lation at the discussion stage, while their samples, analytical procedures, and statistical results remained
independent.

The literature search was conducted using internationally recognized peer-reviewed databases,
including Web of Science, Scopus, ScienceDirect, ERIC, and SpringerLink. These databases were selected
because they provide high-quality indexed publications in the fields of renewable energy, science education,
and STEM education. The systematic review and study selection procedures were organized in accordance
with the PRISMA 2020 recommendations. The literature search was conducted between 2020 and 2025.
Search results from all databases were exported to [insert the reference management software, for example,
Mendeley, Zotero, or EndNote], where duplicate records were identified and removed. The remaining re-
cords were screened in two stages: first by title and abstract and subsequently through full-text assessment.
Study selection was performed independently by two reviewers. Any disagreement concerning eligibility was
resolved through discussion and, when necessary, consultation with a third reviewer.

The search covered publications from the past ten years. This period was chosen to capture the rapid
technological development of solar energy systems and the increasing implementation of STEM-based
instructional approaches in education. Focusing on recent studies also ensured that the review reflected
current research trends and contemporary educational practices.

The literature search employed the following keywords and their related terms: "solar energy," "solar
power," "photovoltaic education," "STEM education," "project-based learning," "engineering education,"
"research skills," "inquiry skills," "research competence," and "renewable energy education." The core search
strategy was formulated as follows: (“solar energy” OR “solar power” OR photovoltaic OR “renewable ener-
gy”) AND (“STEM education” OR “STEM learning” OR “project-based learning” OR “engineering education”)
AND (“research skills” OR “inquiry skills” OR “research competence” OR “scientific reasoning”). The search
syntax was adapted to the technical requirements of each database. Searches were conducted in titles,
abstracts, and keywords where these search fields were available. In addition, the reference lists of the eli-
gible publications were manually examined to identify potentially relevant studies not retrieved through the
database search.

Studies included in the meta-analysis were selected according to predefined eligibility criteria. First,
each study was required to investigate a STEM instructional intervention based on solar energy or photovol-
taic systems. Second, students' research skills had to be assessed using quantitative measurement instru-
ments. Third, the study was required to employ an experimental or quasi-experimental research design that
enabled the evaluation of intervention effects. Finally, sufficient statistical information had to be reported to
calculate effect sizes, and the study had to be published in a peer-reviewed scientific journal.

Several categories of studies were excluded during the screening process. Theoretical papers and
literature reviews were excluded because they did not provide empirical data. Studies with insufficient quan-
titative information or inadequate statistical reporting for effect size calculation were also omitted. Further-
more, studies focusing exclusively on technological modeling without an educational component were
excluded from the analysis.

Data Extraction and Coding

Data were extracted using a standardized coding form developed prior to the analysis. For each
eligible study, the following information was recorded: author and publication year, country, educational level,
sample size, characteristics of the participants, type and duration of the STEM intervention, study design,
characteristics of the comparison condition, outcome domain, measurement instrument, group means, stan-
dard deviations, and other statistics required for effect-size calculation. Data extraction was conducted inde-
pendently by two researchers, and the extracted values were cross-checked against the original publica-
tions. Discrepancies were resolved through joint verification of the relevant tables and statistical results.
When a study reported several research-related outcomes, the outcomes were coded according to the
predefined domains of research skills, engineering thinking, and cognitive achievement.

A meta-analysis was conducted to estimate the overall effectiveness of solar energy-based STEM
education. The extracted quantitative data were analyzed using Comprehensive Meta-Analysis (CMA) ver-
sion 4.0 software.

- Standardized Mean Difference (Effect Size);

- Standard Error (SE).
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The standardized mean difference was selected because the included studies assessed research-
related outcomes using different measurement instruments and scales. For studies with intervention and
comparison groups, the effect size was calculated from the post-intervention means, standard deviations,
and sample sizes of the two groups. Where only change scores or other statistical indicators were available,
the corresponding effect size was calculated using the conversion procedures available in CMA 4.0. To
reduce small-sample bias, standardized mean differences were corrected using Hedges’ g. Positive values
indicated an advantage of solar energy-based STEM instruction over the comparison condition. A random-
effects model was applied because variation was expected across participants, intervention formats, educa-
tional levels, and measurement instruments.

Results and Discussion. The results of the content analysis of empirical studies investigating the
application of STEM approaches to teaching solar energy and renewable energy topics are summarized in
Table 1. The studies included in the analysis examined the implementation of STEM and Project-Based
Learning (PjBL) models in teaching solar energy, renewable energy, physics, and other science-related
disciplines. Overall, the findings indicate that the STEM-PjBL approach serves as an effective pedagogical
framework for increasing students' learning engagement, strengthening their interest in science, and
fostering scientific thinking.

In particular, the integration of web-based STEM platforms, digital simulation tools, and interdiscipli-
nary project-based activities was found to significantly enhance students' research skills. These learning
environments provide opportunities for learners to formulate research questions, conduct experiments,
analyze data, and develop evidence-based solutions to real-world engineering and environmental problems.

The reviewed studies further demonstrate that the STEM approach functions not only as a means of
integrating disciplinary knowledge but also as an effective strategy for pedagogical innovation. By combining
scientific inquiry with authentic engineering design and technology-enhanced learning, STEM-based
instruction promotes higher-order thinking, problem-solving abilities, and research competence. These fin-
dings highlight the role of STEM education as both a content integration framework and a methodological
approach for modernizing science education (Figure 1).

Research activities

and STEM

Figure 1 — Relationships among the Key Components
of Solar Energy Education within the STEM Learning Process

Most of the reviewed studies demonstrated that organizing solar energy instruction through STEM and
Project-Based Learning (PjBL) significantly enhances students' abilities in measurement, calculation, experi-
mentation, and engineering decision-making. Activities such as analyzing the efficiency of photovoltaic pa-
nels, modeling energy generation processes, and monitoring changes in system parameters enabled
students to connect theoretical knowledge with practical application. These hands-on learning experiences
also promoted the development of essential research competencies, including formulating scientific
guestions, developing hypotheses, interpreting results, and drawing evidence-based conclusions.

Several studies identified the STEM—PjBL approach as an effective mechanism for interdisciplinary
integration. The content of physics, mathematics, engineering, and technology was integrated through uni-
fied project-based tasks, while solar energy topics were linked to authentic real-world challenges. Such an
approach strengthened students' systems thinking, analytical reasoning, and practical problem-solving
abilities.

Furthermore, studies employing digital simulations, virtual laboratories, and online learning platforms
demonstrated that solar energy education can be delivered in a flexible and safe learning environment.
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These technologies facilitate the visualization of complex physical and engineering processes, allow learners
to compare outcomes by modifying system parameters, and support prediction through computational
modeling.

Meta-analysis of the Selected Scientific Literature

The results of the meta-analysis evaluating the impact of solar energy-based STEM education on stu-
dents' research skills are presented visually using a forest plot (Figure 2). This diagram displays the standar-
dized effect size of each study included in the meta-analysis together with its 95% confidence interval within
a single graphical framework.

The forest plot enables a comparative assessment of the magnitude, statistical significance, and direc-
tion of the effect reported by each individual study. In addition, the pooled effect size is represented by a
diamond, providing a quantitative summary of the overall pedagogical effectiveness of solar energy-based
STEM interventions. This approach also allows for the examination of between-study variability, the
assessment of heterogeneity, and the evaluation of the robustness of the synthesized findings. Conse-
quently, the forest plot serves as the principal analytical tool of the meta-analysis, offering comprehensive
and evidence-based support for the positive impact of solar energy-based STEM education on students'
research skills.

Study name Statistics for each study St diff in means and 95%Cl
Std diff Standard Lower Upper
inmeans  error Variance limt limt ZValue p-Vaue
Chien, S. et al. (2021) 0,600 0,180 0,032 0,247 0,953 3,333 0,001 |
Pattayev, A etal. (2024) 2,460 0,056 0,003 2,350 2,570 43,929 0,000 |
Ibrahim, N. et al. (2024) 1,110 0,082 0,007 0,949 1,271 13537 0,000 |
Hidayah et.al. (2021) 1,210 0,300 0,090 0,622 1,798 4,033 0,000 E 3
Ramankulov, S. et al. (2026) 0,970 0,130 0,017 0,715 1,225 7,462 0,000 | |
HIGDE, E. (2022) 0,920 0,245 0,060 0,440 1,400 3,755 0,000 =
Wardah et.al. (2022) 4,230 0,410 0,168 3426 5,034 10,317 0,000 -
Suherman, S. et al. (2025) 0,970 0,052 0,003 0,868 1,072 18,654 0,000 | |
HACIOGLU, Y et al. (2021) 0,410 0,176 0,031 0,065 0,755 2,330 0,020 |
Higde E. (2022) 2,368 0,140 0,020 2,094 2,642 16,914 0,000 |
Pooled 1,488 0,279 0,078 0,942 2,035 5,335 0,000 <
Prediction Interval 1,488 -0,594 3571 —
-8,00 -4,00 0,00 4,00 8,00
Favours A Favours B
Meta Analysis

Figure 2 — Graphical Representation of the Meta-Analysis Results

The forest plot presents the results of ten studies evaluating the impact of solar energy-based STEM
education on students' research skills, together with the pooled effect size obtained from the meta-analysis.
All individual studies reported positive standardized mean differences, indicating that the STEM approach
has a positive effect on students' research-related competencies.

The pooled effect size was d = 1.488 (95% CI: 0.942—2.035), with Z = 5.335 and p < 0.001. Since the
confidence interval does not include zero, the overall effect is statistically significant. Moreover, because the
effect size exceeds 1.0, it can be interpreted as a large educational effect, demonstrating substantial
pedagogical effectiveness.

Overall, the meta-analysis provides strong evidence that solar energy-based STEM education has
both statistically significant and educationally meaningful effects on the development of students’ research
skills.

Example of the Pedagogical Experiment. Comprehensive Investigation of the Output Parameters of
Solar Panels

As part of this study, students conducted a laboratory experiment using a training platform designed
for the comprehensive investigation of the output parameters of photovoltaic solar panels. The experimental
setup consisted of two identical photovoltaic modules, a switching board allowing both series and parallel
connections, an adjustable artificial light source, a dimmer for controlling light intensity, a mounting frame
equipped with a mechanism for varying the angle of light incidence from 0° to 180° in 15° increments, a lux
meter, a surface temperature sensor, and a protective enclosure integrating all experimental components.

In addition, PASCO current, voltage, and light sensors were employed, while experimental data were
digitally recorded and analyzed using the SPARKvue software. This experimental platform enabled students
to investigate the physical principles governing photovoltaic systems through hands-on experimentation,
compare measurement accuracy, and comprehensively evaluate the capabilities of conventional measuring
instruments and digital sensing technologies.
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Figure 3 — General Structure of the Experimental Stand

During the experiment, students investigated the dependence of the output current and voltage of
photovoltaic solar panels on light intensity. The photovoltaic modules were first connected in both parallel
and series configurations, and measurements were performed for each connection type. Light intensity was
gradually adjusted using a dimmer, while electrical current (l), voltage (U), illuminance (E), and surface
temperature were recorded at each measurement point. In addition, the angle of light incidence was
systematically varied to evaluate the influence of the angle of insolation on the electrical output parameters
of the photovoltaic modules.

Analysis of SPARKvue Results

The SPARKvue software recorded the temporal variation of the measured parameters, where Y1
represents electrical current (A), Y2 denotes light intensity (W/m?2), and Y3 corresponds to voltage (V). As
illustrated in the recorded graphs, light intensity was gradually increased throughout the experiment, resul-
ting in corresponding changes in the electrical output characteristics of the photovoltaic system.

As light intensity increased from approximately 0 to 70 W/m?, the output current increased proportion-
nally. During the initial stage of the experiment, corresponding to low irradiance conditions, the measured
current was close to zero. As solar irradiance increased, the current exhibited an approximately linear
increase, reaching about 0.10 A. These results are consistent with the photovoltaic effect, demonstrating
experimentally that an increase in photon flux generates a greater number of charge carriers, thereby
increasing the electrical current.

The voltage exhibited a more gradual response than the current. Initially, the output voltage remained
at very low levels and then increased progressively with increasing irradiance, reaching approximately 0.017
V. These observations are consistent with the current-voltage (I-V) characteristics of photovoltaic cells,
where voltage depends on incident light intensity but generally varies over a smaller range than current.

The smooth and continuous trends observed in the graphs enabled students to identify an approxima-
tely linear relationship between light intensity and output current, while also recognizing the gradual satura-
tion behavior of the output voltage. Furthermore, continuous digital data acquisition facilitated the monitoring
of dynamic parameter changes, improved measurement accuracy, and provided a reliable dataset for
subsequent mathematical analyses, including regression analysis and correlation coefficient estimation.

Overall, the digitally recorded experimental results confirmed that the dependence of photovoltaic output
parameters on light intensity is consistent with established theoretical principles. In addition, the experiment
enhanced students' abilities to interpret experimental data, analyze graphical results, and draw engineering-
based conclusions, thereby strengthening their research competencies within a STEM learning environment.

Correlation Analysis Procedure

A correlation analysis was conducted to examine the relationship between students' level of participa-
tion in STEM-based learning and their research activity. Correlation analysis is a statistical technique used to
determine the direction and strength of the linear relationship between two quantitative variables. The
Pearson correlation coefficient (r) ranges from -1 to +1, where positive values indicate that both variables
increase together, negative values indicate an inverse relationship, and values close to zero suggest little or
no linear association.
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The analysis was performed exclusively for students in the experimental group (n = 24), as this group
participated in a solar energy-based STEM instructional program. Two primary quantitative variables were
included in the analysis: STEM Level and Research Activity.

Both variables were assessed using predefined evaluation criteria and converted into standardized
scores.

STEM Level (0-100 scale) was calculated as a composite indicator representing students' level of
engagement in STEM-based learning activities. The score was derived from several assessment compo-
nents, including participation in STEM learning tasks, involvement in laboratory activities, the quality of
project presentations, and the effective use of digital technologies such as SPARKvue and PASCO sensors.
Each component was evaluated using a standardized assessment rubric, and the total score was normalized
to a 100-point scale.

Research Activity (0—100 scale) was defined as an integrated measure of students' research compe-
tence. The assessment was based on the fundamental stages of the scientific inquiry process, including the
quality of hypothesis formulation, experimental design and control of variables, accuracy of data collection,
ability to perform graphical and quantitative data analysis, and the strength of evidence-based conclusions.
Each component was evaluated separately, and the overall score was converted to a 100-point scale.

The collected data were entered into the JASP statistical software. Only participants from the experi-
mental group were selected using the filtering function. Pearson's correlation analysis was conducted
through Analyses — Regression — Correlation, and the software generated the correlation coefficient
together with its 95% confidence interval and a corresponding scatter plot for graphical visualization of the
relationship between the variables.

Table 1 — Results of the Correlation Analysis Obtained Using JASP Software

Pearson's Correlations

Pearson's r p Lower Upper Effect size SE Effect
95% ClI 95% ClI (Fisher's 7) size
Research Activity — STEM 0.807 <.001 0.598 0.913 1.117 0.218
level

*p<.05,* p<.01, ** p<.001

According to the analysis, the Pearson correlation coefficient was r = 0.807 (p < .001). The 95% confi-
dence interval ranged from 0.598 to 0.913. Since the confidence interval does not include zero, the observed
relationship is considered both statistically significant and reliable. The correlation coefficient of r = 0.807
indicates a strong positive relationship between students' STEM level and their research activity. In other
words, as students’ engagement in STEM-based learning increases, their research skills also improve
substantially (Figure 4).

The coefficient of determination was r* = 0.65, indicating that approximately 65% of the variance in
students' research activity can be explained by their STEM level. Within the context of educational research,
this represents a relatively large effect, highlighting the substantial contribution of the STEM approach to the
development of students' research competencies.
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Figure 4 — Graphical Representation of the Meta-Analysis Results
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Visual inspection of the scatter plot revealed that the data points were distributed along an upward-
sloping trend line, indicating a clear positive trend and a strong linear relationship between the variables. The
accompanying histograms showed that both variables were approximately normally distributed, confirming
the statistical appropriateness of applying Pearson's correlation analysis.

Overall, a strong and statistically significant positive relationship was identified between the level of
STEM-based learning and students' research activity within the experimental group. These findings provide
empirical evidence that teaching solar energy through a STEM approach effectively develops students'
scientific inquiry skills, including hypothesis formulation, experimental design, data collection, data analysis,
and evidence-based conclusion drawing. Consequently, the analysis provides correlational evidence that
stronger engagement in the implemented STEM learning activities is associated with higher levels of
research competence. Because the complementary study did not include a control group or a pre-test—post-
test comparison, the result should not be interpreted as definitive evidence of a causal intervention effect.

Integration of the Meta-Analytic and Empirical Findings

The meta-analysis and the complementary empirical study addressed the same general construct—the
development of students’ research competence through solar energy-based STEM learning—but did so at
different levels of evidence. The meta-analysis estimated the average effect of structured STEM interven-
tions by synthesizing findings from independent experimental and quasi-experimental studies. In contrast,
the complementary study examined the relationship between students’ STEM engagement and research
activity within one local educational context. Therefore, the correlation coefficient obtained from the local
sample was not directly compared with or incorporated into the pooled standardized mean difference.

The findings were integrated through a convergence approach. The large positive pooled effect identi-
fied in the meta-analysis indicated that solar energy-based STEM interventions were generally associated
with improved research-related outcomes. Similarly, the local empirical study demonstrated that higher
STEM Level scores were associated with higher Research Activity scores. The consistency in the direction of
these findings provides contextual support for the general interpretation that active engagement in STEM
tasks, laboratory investigations, digital data collection, and project activities is related to the development of
research competence. However, differences in study design, sample size, educational context, and statistical
indicators limit direct quantitative comparability.

Accordingly, the empirical study should be regarded as supplementary evidence illustrating how the
relationship identified in the broader literature may manifest in a specific educational setting, rather than as
an independent statistical confirmation of the pooled meta-analytic effect.

Conclusion. This study comprehensively evaluated the impact of solar energy-based STEM educa-
tion on students' research skills using advanced statistical analyses and demonstrated its high pedagogical
effectiveness. The meta-analysis yielded a pooled effect size of d = 1.488 (95% CI: 0.942-2.035, p < 0.001).
According to established educational research benchmarks, this represents a large effect, indicating that
STEM interventions are substantially more effective than conventional instructional approaches in develo-
ping students' research competencies.

The meta-regression analysis further revealed that the strongest and statistically significant effect of
STEM interventions was observed in the research skills domain (B = 1.82, p < 0.01). Although positive
effects were also found for engineering thinking and cognitive achievement, these effects were not statistical-
ly significant. These findings suggest that STEM-based instruction is particularly effective in developing
scientific inquiry competencies, including hypothesis generation, control of experimental variables, experi-
mental planning, data analysis, and evidence-based reasoning.

The results of the pedagogical experiment provided additional empirical support for the findings of the
meta-analysis. A strong positive correlation was identified between students' STEM level and research activity
(r=0.807, p < 0.001), with a coefficient of determination of r> = 0.65. This indicates that approximately 65% of the
variance in students' research activity can be explained by their level of engagement in STEM-based learning.

The findings also demonstrate that STEM instructional models implemented in the context of solar
energy effectively integrate theoretical knowledge with practical application, enabling students to develop
competencies in measurement, modeling, data interpretation, and engineering decision-making. In particular,
hands-on experience with real photovoltaic systems, together with the use of digital sensors and visualizati-
on tools, plays a crucial role in fostering students' scientific reasoning and research culture.

Recommendations:

Based on the findings of this study, the systematic integration of solar energy-based STEM education
into higher education curricula is recommended, as this instructional approach has demonstrated high
effectiveness in developing students' research competencies, scientific reasoning, and engineering decision-
making skills. Educational programs should incorporate authentic learning experiences involving photovoltaic
systems, digital sensors, simulation and visualization technologies, as well as practical activities focused on
experimental design, data analysis, and evidence-based interpretation of results.

Furthermore, STEM interventions should be adapted to different educational levels, disciplinary con-
texts, and institutional settings to maximize their educational effectiveness. Future research should investiga-
te the long-term impact of solar energy-based STEM education, further examine its influence on engineering
thinking and cognitive development, and identify moderator variables that may affect learning outcomes.

66



NEQATOIMMKA fblJ1IbIMOAPDI NEOATOrMYECKME HAYKU

Funding. This study was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant AP23488947).
Conflict of interest: The authors declare no conflict of interest.

REFERENCES:

1 Hasan M.M., et al. Harnessing Solar Power: A Review of photovoltaic innovations, solar
thermal systems, and the dawn of energy storage solutions. Energies, 2023, vol. 16, art. 6456.
https://doi.org/10.3390/en16186456.

2 Saleh M.J., Atallah F.S., Algburi S., Ahmed O.K. Enhancement methods of the performance
of a solar chimney power plant: Review. Results in Engineering, 2023, vol. 19, art. 101375.
https://doi.org/10.1016/j.rineng.2023.101375.

3 Fang Y., Wei Y. Climate change adaptation on the Qinghai-Tibetan Plateau: The importance
of solar energy utilization for rural household. Renewable and Sustainable Energy Reviews, 2013, vol.
18, pp. 508-518. https://doi.org/10.1016/j.rser.2012.10.037.

4 Adjiski V., Kaplan G., Mijalkovski S. Assessment of the solar energy potential of rooftops
using LiDAR datasets and GIS based approach. International Journal of Engineering and Geosciences,
2023, vol. 8, no. 2, pp. 188-199. https://doi.org/10.26833/ijeg.1112274.

5 Kuterbekov K.A., Kabyshev A.M., Bekmyrza K.Z., Kubenova M.M., Ayalew A.T. How can so-
lar panels collectors enhance energy efficiency? Utilization of the novel optimization techniques.
International Journal of Low-Carbon Technologies, 2024, vol. 19, pp. 1049-1059. https://doi.org/10.1093/
ijlct/ctae048.

6 Mekhilef S., Faramarzi S.Z., Saidur R., Salam Z. The application of solar technologies for
sustainable development of agricultural sector. Renewable and Sustainable Energy Reviews, 2013, vol.
18, pp. 583-594. https://doi.org/10.1016/j.rser.2012.10.049.

7 Algallaf N., et al. Teaching Solar Energy Systems Designh using Game-Based Virtual Reality.
IEEE Global Engineering Education Conference (EDUCON), 2022, vol. 2022, pp. 956-960.
https://doi.org/10.1109/EDUCON52537.2022.9766460.

8 Goncalves R.S., Palmero-Marrero A.l., Oliveira A.C. Educational solar energy tool in Matlab
environment. Energy Reports, 2020, vol. 6, pp. 490-495. https://doi.org/10.1016/j.egyr.2019.09.013.

9 Ouyang F., Xu W. The effects of educational robotics in STEM education: a multilevel meta-
analysis. International Journal of STEM Education, 2024, vol. 11, art. no. 7. https://doi.org/10.1186/s40594-
024-00469-4.

10 Zhaksylyk N., et al. Enhancing interdisciplinary STEM education through CNC technology:
Integrating disciplines in engineering instruction. International Journal of Advanced and Applied
Sciences, 2025, vol. 12, no. 11, pp. 237-248. https://doi.org/10.21833/ijaas.2025.11.022.

11 Dosymov Y., et al. A New Approach to Development of Students' Research Abilities in STEM
Education. Emerging Science Journal, 2025, vol. 9, no. 2, pp. 741-763. https://doi.org/10.28991/ESJ-2025-
09-02-013.

12 Subagja S., et al. Learning Challenge: Farm Tractor Prototype with Solar Cell Technology in
PjBL-STEM Learning using 4D Frame to Enhance the 21st Century Skills. Jurnal Pendidikan Sains
Indonesia, 2025, vol. 13, no. 2, pp. 458-467. https://doi.org/10.24815/jpsi.v13i2.43655.

Received: 02 July 2026. Accepted: 03 August 2026. Published: 30 September 2026.

Information about the authors:

Zhaksylyk Nurkozha Nazaruly — PhD student, Khoja Akhmet Yassawi International Kazakh-Turkish
University, Republic of Kazakhstan, 161200, Turkestan, 29 B.Sattarkhanov Ave., tel.: +77780302323, e-mail:
nurkozha.zhaksylyk@ayu.edu.kz.

Ramankulov Sherzod Zhumadullayevich* — PhD, acting Professor, Khoja Akhmet Yassawi Internatio-
nal Kazakh-Turkish University, Republic of Kazakhstan, 161200, Turkestan, 29 B.Sattarkhanov Ave., tel.:
+77756550505, e-mail: sherzod.ramankulov@ayu.edu.kz.

Katbayeva Maira — Master, Senior Lecturer, Department of mathematics and physics, Tashenev
University, Republic of Kazakhstan, 160000, Shymkent, 21 Kunayev Ave., tel.: +77052590447, e-mail:
praktika-2013-14@mail.ru.

Anas Bakdaulet — PhD student, Sarsen Amanzholov East Kazakhstan University, Republic of
Kazakhstan, 070002, Ust-Kamenogorsk, 30-i Gvardeiskoy Devizii Str., bld. 34, tel.: +77059804170, e-mail:
banas@vku.edu.kz.

XKakcbinbik Hypkoxxa Hasapynsl — PhD dokmopaHm, Koxa Axmem Slccayu ambiHOarbl XarbiKkaparblk

Kasak-mypik yHugepcumemi, KazakcmaH Pecnybnukacel, 161200 TypkicmaH K., 6.CammapxaHoe daHf. 29,
men.: +77780302323, e-mail: nurkozha.zhaksylyk@ayu.edu.kz.

67


https://doi.org/10.3390/en16186456
https://doi.org/10.1016/j.rineng.2023.101375
https://doi.org/10.1016/j.rser.2012.10.037
https://doi.org/10.26833/ijeg.1112274
https://doi.org/10.1093/ijlct/ctae048
https://doi.org/10.1093/ijlct/ctae048
https://doi.org/10.1016/j.rser.2012.10.049
https://doi.org/10.1109/EDUCON52537.2022.9766460
https://doi.org/10.1016/j.egyr.2019.09.013
https://doi.org/10.1186/s40594-024-00469-4
https://doi.org/10.1186/s40594-024-00469-4
https://doi.org/10.21833/ijaas.2025.11.022
https://doi.org/10.28991/ESJ-2025-09-02-013
https://doi.org/10.28991/ESJ-2025-09-02-013
https://doi.org/10.24815/jpsi.v13i2.43655
mailto:nurkozha.zhaksylyk@ayu.edu.kz
mailto:sherzod.ramankulov@ayu.edu.kz
mailto:praktika-2013-14@mail.ru
mailto:serik.polatuly@ayu.edu.kz
mailto:nurkozha.zhaksylyk@ayu.edu.kz

NEQATOIMMKA fblJ1IbIMOAPDI NEOATOrMYECKME HAYKU

Pamankynos Lllep3od )Xymadynnaesuy* — PhD, npogeccop m.a., Koxa Axmem Sccayu ambiHOarbl
XanbikapanblK Kazak-mypik yHusepcumemi, Ka3zakcmaH Pecnybnukacel, 161200 TypkicmaH K., b.
CammapxaHoe OaHf. 29, men.: +77756550505, e-mail: sherzod.ramankulov@ayu.edu.kz.

Kambaesa Malpa — masucmp, ara okbimywsl, Mamemamuka xsHe ¢usuka kagedpacnbl, ToweHes
yHusepcumemi, KasakcmaH Pecrniybnukacei, 160000 LLbimkeHm K., KoHaee OaHf. 21, men.: +77052590447,
e-mail: praktika-2013-14@mail.ru.

AHac bakdaynem — PhD dokmopaHm, CepceH AmaHxornoe ambiHOarbi LbiFbic KazakcmaH yHuUgepcu-
memi, KaszakcmaH Pecnybnukacbl, 070002 ©ckemeH K., 30-wbi [eapdusinbiKk Ousu3usi Kelw., mer.:
+77059804170, e-mail: banas@vku.edu.kz.

XKakcbinbik Hypkoxa Haszapynbl — PhD dokmopaHm, Mex0yHapoOHbIl Ka3axcKo-mypeukul yHueep-
cumem umeHu Xodxu Axmema Scasu, Pecnybnuka KasaxcmaH, 161200 e. TypkecmaH, np. 5. Cammapxa-
Hosa 29, men.: +77780302323, e-mail: nurkozha.zhaksylyk@ayu.edu.kz.

Pamankynoe Lllep3od >Kymadynnaesuy* — PhD, u.o. npogeccopa, MexdyHapOoOHbIl Ka3axCKo-
mypeukuti yHusepcumem umeHu Xodxu Axmema Scasu, Pecnybnuka Kasaxcman, 161200 e. TypkecmaH,
np. b. CammapxaHosa 29, men.: +77756550505, e-mail: sherzod.ramankulov@ayu.edu.kz.

Kamb6aesa Matipa — mazucmp, cmapwul npernodagamersib, kKagpedpa MameMamuku U ¢bU3UKU, YHU-
eepcumem TaweHesa, Pecrniybriuka KasaxcmaH, 160000 e. LsmmkeHm, 21, npocn. KyHaeea 21, men.:
+77052590447, e-mail: praktika-2013-14@mail.ru.

AHac bakdaynem — PhD dokmopaHm, BocmouHo-Ka3zaxcmaHckuli yHugepcumem umeHu CapceHa
AmaHxonoea, Pecriybniuka KaszaxcmaH, 070002 2. Ycmb-KameHozopck, yn. 30-U eapdelickol dususuu, 34.
me.; +77059804170, e-mail: banas@vku.edu.kz.

IRSTI 14.35.07
UDC 378.14.015.62
https://doi.org/10.52269/SEPT2632068

DIDACTIC INTEGRATION OF DIGITAL TECHNOLOGIES IN PHYSICS TEACHER EDUCATION
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Amid the rapid digitalization of education, the use of information and communication technologies
(ICT) in physics education is no longer limited to proficiency in individual digital tools and requires a didactic
understanding of their application. However, the mere availability of digital technologies in the educational
process does not, in itself, guarantee their pedagogical appropriateness or methodological integration into
lesson structure. The aim of this study is to analyze undergraduate educational programs for pre-service
physics teacher education in terms of the extent to which they include courses focused on the pedagogically
grounded use of ICT in instructional design. The empirical basis includes 20 educational programs in the
B010 «Physics Teacher Training» group. The analysis is based on a formalized content analysis of discipline
tittes and the calculation of integral indices reflecting digital, experimental, and research orientation. The
results indicate that, despite the consistent presence of experimental and research-oriented courses, the
didactically grounded integration of digital technologies is fragmented and, in most cases, remains primarily
instrumental in nature. The overwhelming majority of educational programs do not include courses explicitly
focused on the methodologically informed use of ICT in physics education. These findings substantiate the
need to develop an interdisciplinary core in pre-service physics teacher education that ensures coherence
among the subject-specific, methodological, and digital components of professional preparation. The findings
may also be used to inform the improvement of teacher education programs.

Keywords: training of future physics teachers, ICTs in education, digital technologies, educational
programs, design.
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