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Abstract

Indoor air quality (IAQ) education can support sustainability education by linking envi-
ronmental health literacy, school environmental quality, and daily exposure mitigation
behaviors. However, comparative evidence on short-term IAQ knowledge change across di-
verse educational contexts remains limited. In this study, we conducted a pre-test/post-test
program evaluation examining immediate IAQ knowledge change among 1408 students
(Grades 5-10) in Sri Lanka (1 = 395), Nepal (n = 300), Malaysia (n = 314), Indonesia (1 = 200),
and Guangxi, China (1 = 199). The primary outcome was knowledge score gain (post minus
pre, 0-100 scale). We used paired t-tests with 95% confidence intervals (CI) and Cohen’s dz,
ANOVA and Kruskal-Wallis tests for regional heterogeneity, BH-adjusted Welch pairwise
tests, OLS gain models, and sensitivity analyses for post-test zero records. The overall
mean score increased from 47.37 to 56.62 (gain +9.25, 95% CI 7.58 to 10.92; p = 2.30 x 10—26;
dz = 0.289). Gains differed substantially by region: Nepal +22.25, Indonesia +15.93, Sri
Lanka +5.39, Malaysia +5.36, and Guangxi (China) —3.27 (p = 0.081). Region-level hetero-
geneity was significant (ANOVA F = 26.55, p = 2.98 x 10721, eta2 = 0.070; Kruskal-Wallis H
=84.95, p = 1.56 x 10~'). Baseline score was the strongest predictor of gain (beta = —0.686,
p < 0.001; model R? = 0.256). Excluding post = 0 with pre > 0 records increased the overall
gain to +12.93, while the Guangxi result remained negative. The findings can serve as
short-term program-evaluation evidence suggesting that IAQ sustainability education re-
quires baseline-informed and context-sensitive curriculum adaptation, while future studies
should include comparison groups, delayed post-tests, behavioral outcomes, and stronger
implementation-fidelity measures.

Keywords: indoor air quality education; sustainability education; STEM intervention;
short-term knowledge gain; regional heterogeneity; baseline readiness; program evaluation

1. Introduction

Indoor air quality (IAQ) is increasingly recognized as an important issue for chil-
dren’s health, well-being, and learning, yet it remains comparatively underemphasized
in environmental education [1,2]. Students spend much of their time indoors, especially
in homes and schools, where they may be exposed to particulate matter, carbon monox-
ide, volatile organic compounds, biological contaminants, smoke from solid fuels, and
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poorly ventilated indoor microenvironments [3,4]. The consequences of poor IAQ extend
beyond immediate discomfort. They are linked to respiratory disease, cardiovascular
burden, impaired well-being, and reduced quality of life. Evidence from recent reviews
further suggests that indoor environmental conditions in schools are closely related to
pupils” health, attendance, and academic performance [1,5,6]. Therefore, IAQ is not only a
technical environmental-health issue but also an educational issue that concerns awareness,
interpretation, preventive behavior, and informed decision-making.

In public discourse, however, air pollution education often privileges outdoor pollu-
tion while indoor exposure remains less visible. This imbalance is reinforced by the fact
that air pollution is often misperceived by the public and that people’s perception of air
quality does not always correspond to actual exposure or risk [7]. Students may therefore
learn about smog, traffic emissions, or climate change without receiving equivalent in-
struction about cooking smoke, inadequate ventilation, off-gassing from materials, indoor
combustion, classroom crowding, or behavioral strategies that reduce exposure in daily
life. Yet indoor environments are among the spaces where children and adolescents can
most readily apply environmental knowledge. If environmental education seeks to connect
knowledge with practical behavior, IAQ is a particularly suitable domain in which to study
that connection [8,9].

Research on environmental education has demonstrated that targeted interventions
can improve learners” knowledge, attitudes, and perceptions, particularly when instruction
is inquiry-based, contextually relevant, and connected to everyday life [10-12]. Recent
conceptual work has also emphasized that environmental and sustainability education
should move beyond simple information transmission and engage learners in systems
literacy, situated reasoning, and the interpretation of complex environmental problems [13].
Pre-test and post-test designs have also been widely used to assess short-term knowledge
gains in environmental education, especially through multiple-choice instruments that
allow conceptual understanding to be measured consistently across groups [11,14]. At the
same time, intervention effects are rarely uniform. They depend on learner readiness, age,
curriculum alignment, cultural expectations, pedagogical design, and the extent to which
students perceive the content as relevant to their own lives [10].

For IAQ education specifically, comparative evidence remains limited. Our previous
study evaluated a STEM-based IAQ program in Nepal, Malaysia, Indonesia, and Guangxi,
China, using data from 1027 students in 11 schools across Grades 1-9 [15]. That study
examined multidimensional self-reported outcomes, including knowledge, behaviour,
attitude, and expectation, and provided broad evidence on STEM-based IAQ education
for sustainable development. The present study extends this work by adding Sri Lanka,
using a larger five-region sample of 1408 students from 13 schools across Grades 5-10, and
focusing on immediate objective IAQ knowledge gain measured using multiple-choice
items. The two studies therefore address different questions: the previous study assessed
broader perceived learning outcomes, whereas the present study examines how objective
short-term knowledge gain varied across contexts and learner groups.

The five study settings—Sri Lanka, Nepal, Malaysia, Indonesia, and Guangxi, China—
differ in household energy profiles, school infrastructure, urbanization patterns, environ-
mental discourse, and likely baseline familiarity with IAQ concepts [6,16-18]. Household
energy use and ventilation are especially relevant to IAQ education in Nepal and Sri
Lanka [19,20], while classroom indoor environmental quality and environmental education
have received increasing attention in Malaysia [21,22]. In Guangxi, China, prior research
on environmental citizenship and environmental education suggests a different baseline
context for environmental awareness [23,24]. Recent reviews of school IAQ further indi-
cate that educational and technical interventions should be interpreted in relation to local
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school conditions [25]. These contextual differences make cross-region variation central to
evaluating how a shared IAQ curriculum may perform when implemented across diverse
educational settings.

Accordingly, the study evaluates short-term pre-post knowledge gain after a standard-
ized STEM-based IAQ education activity and examines whether gains differed by region,
grade, sex, and baseline knowledge. The study does not aim to claim causal effectiveness
because it lacks an untreated comparison group, but it provides evidence on patterns of
immediate knowledge change, heterogeneity across learner groups, and the sensitivity of
interpretation to baseline score and post-test zero records. The analysis addresses three
questions: what immediate IAQ knowledge change was observed after the activity; how
gains varied across region, grade, and sex; and how baseline score and post-test zero
records affected interpretation of the observed pattern. These findings inform the design
of scalable IAQ sustainability education by clarifying when a common curriculum may
require differentiated examples, difficulty levels, and local implementation support.

2. Methods
2.1. Study Design and Participants

The study used a single-group pre-test and post-test design. Students completed a
baseline IAQ knowledge assessment before participating in the education program and
an immediate post-test after the intervention. Program delivery and evaluation took place
between June 2024 and February 2025 across five regions: Sri Lanka, Nepal, Malaysia,
Indonesia, and Guangxi, China. The initial dataset contained 1472 student records. Because
the gain-score analysis required matched pre-test and post-test data, 64 records with only a
usable pre-test or only a usable post-test were excluded. The final analytic sample included
1408 paired observations: Sri Lanka (1 = 395), Nepal (1 = 300), Malaysia (n = 314), Indonesia
(n = 200), and Guangxi, China (n = 199). The sample included 775 girls and 633 boys from
Grades 5 to 10; detailed grade and sex distributions are shown in Table 1.

Table 1. Participant distribution by region, grade, and sex.

Characteristic Sri Lanka Nepal Malaysia Indonesia G(l:lli?ng:l’ Total
Grade 5 0 0 57 0 0 57
Grade 6 10 0 63 0 0 73
Grade 7 125 76 147 11 199 558
Grade 8 178 41 47 38 0 304
Grade 9 74 183 0 151 0 408
Grade 10 8 0 0 0 0 8
Female 242 136 162 130 105 775

Male 153 164 152 70 94 633

Participants were recruited from 13 primary and secondary schools across the five
study regions. School participation depended on registration, local implementation ca-
pacity, and available staff and resources, so the study should be understood as a feasible
implementation sample rather than a random sample of students in each setting. The study
was conducted under university ethics approval through The Education University of
Hong Kong (No. 2024 /25-0233; 17 December 2024), together with school-level permission
and parental consent for minor participants.

2.2. Educational Intervention

The intervention was a one-day, six-hour STEM-based environmental education ac-
tivity focused on IAQ. The session consisted of four parts: classroom instruction on IAQ
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concepts and health effects (2 h), practical activities using IAQ monitoring equipment to
collect real-time indoor environmental data (2 h), guided data analysis and interpreta-
tion (1 h), and group reflection and feedback (1 h). Its main purpose was to strengthen
students” understanding of indoor pollution sources, health effects, measurement, and
practical mitigation strategies while connecting IAQ to environmental health literacy and
sustainability-oriented decision-making in schools and homes. The design was aligned
with experiential and situated approaches to environmental learning, which emphasize
active engagement, inquiry, and connection to learners’ everyday ecological contexts [8,26].
To maintain cross-site comparability, the research team coordinated the educational
framework with local implementing teachers so that all regions addressed the same core
IAQ concepts and practical monitoring tasks. Instructional materials included presen-
tations, worksheets, posters, videos, and hands-on IAQ monitoring instruments. Local
examples and language were adapted where needed, but the core learning sequence was
kept consistent. The same core intervention was used across grade levels; differences by
age were handled through explanation depth, examples, and task support rather than
through separate curricula. No participants had previously taken part in the program.

2.3. Measures and Procedure

Knowledge outcomes were assessed using short multiple-choice instruments adminis-
tered immediately before and after the activity. The tests were designed to capture students’
understanding of basic IAQ concepts, pollutant sources, health effects, measurement, and
mitigation practices. All regional versions used three pre-test knowledge items and four
post-test knowledge items. The items were coded 1 for a correct answer and 0 for an
incorrect answer, and total scores were converted to a 0-100 scale to support comparison
across sites and item counts. The assessment contained short test items, so it was not suit-
able for stable estimation of internal consistency reliability. The resulting scores could be
interpreted as brief indicators of immediate IAQ knowledge, rather than as comprehensive
measures of students’ overall IAQ competence. The pre- and post-tests assessed the same
content domain but were not identical item sets. Example item stems and answer-option
content are provided in Supplementary Materials Table S1.

The same core grade-level version was used across Grades 5-10 within each site.
A common item framework was used across implementation sites, and the questions
were translated or converted into the local instructional language for regional delivery
while preserving the same IAQ concepts, item intent, and scoring logic. Local examples
and wording were adjusted where needed to support comprehension, but the tests were
kept within the same content domain across regions and grade levels. The instrument was
developed in collaboration with environmental health and education specialists and piloted
in Hong Kong between 2016 and 2019 to refine clarity, difficulty, and usability. To reduce
order effects and routine response patterns, the order of questions and answer options was
randomized in paper and online administration formats where feasible. Trained researchers
supervised the assessment process, explained completion requirements, and ensured that
students worked independently.

2.4. Data Preparation and Outcome Variables

The primary analytic sample consisted of students with complete and usable paired
pre-test and post-test knowledge scores. For the students who appeared only in the pre-
test or only in the post-test, the records could not contribute to paired gain analysis and
accounted for the 64 records excluded from the initial dataset. The details of data cleaning
are described in Supplementary Materials Section S2.
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The primary outcome was gain score, defined as post-test score minus pre-test score
on the 0-100 scale. Positive values indicate improvement, zero indicates no change, and
negative values indicate decline. In addition to analyzing mean gain, the study classified
students into improved, unchanged, and declined groups to describe the distribution of
outcomes beyond average score shifts alone.

Before inferential analysis, the dataset was screened for missingness, arithmetic con-
sistency of score fields, and unusual score patterns. The final analytic file contained
1408 observations, no missing values, and complete agreement between the recorded
change column and the calculated post-minus-pre difference. Records with post-test scores
of zero despite non-zero pre-test scores were retained in the primary analysis because
they could represent true scores, nonresponse, recording problems, or administration is-
sues. Their distribution by anonymized implementation source and the sensitivity analysis
excluding these records are reported in Supplementary Materials Tables S2-54.

2.5. Statistical Analysis

The analysis proceeded from overall pre—post change to subgroup heterogeneity,
adjusted modelling, and robustness assessment. Descriptive statistics were calculated for
the full sample and for major subgroups. Paired t-tests were used to evaluate pre—post
differences overall and within region, grade, and sex categories, with 95% confidence
intervals and Cohen’s dz reported to describe the magnitude of within-student change. For
paired comparisons, Cohen’s dz was calculated as the mean gain divided by the standard
deviation of the within-student gain scores.

Between-region heterogeneity in gain was examined using both one-way analysis of
variance and the Kruskal-Wallis test. Pairwise regional contrasts were then estimated using
two-sided Welch t-tests with Benjamini-Hochberg adjustment to control the false discovery
rate across multiple comparisons, and Cohen’s d was reported for the size of between-
region differences. Because grade distribution differed strongly by region, grade-specific
results were interpreted descriptively rather than as independent developmental effects.

To assess whether regional patterns persisted after adjustment for student characteris-
tics, an ordinary least squares model was fitted with gain score as the dependent variable
and baseline score, grade, sex, and region indicators as predictors. Baseline score was
included to account for baseline-related headroom and ceiling effects. A robustness model
with cluster-robust standard errors using the available district/school-source grouping
variable was also estimated to address potential dependence among students from the
same implementation setting. Additional implementation-source summaries and graphical
robustness checks are provided in the Supplementary Materials.

3. Results
3.1. Overall Pre—Post Change

Across all 1408 students, the mean pre-test score was 47.37, and the mean post-test
score was 56.62. The mean gain was 9.25 points (95% CI 7.58 to 10.92). The paired t-test
indicated a significant increase in score after the intervention (t = 10.84, p = 2.30 x 10’26),
with a small-to-moderate within-student effect size (Cohen’s dz = 0.289).

Outcome composition showed that 53.48% of students improved, 9.73% showed no
change, and 36.79% declined. These proportions are shown in Figure 1.
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Figure 1. Regional composition of improved, unchanged, and declined outcomes (1 = 1408).

3.2. Regional Differences in Gain

Gain differed markedly across the five regions. Figure 2 presents the pre-test and
post-test mean scores for each region. Nepal showed the largest increase, with scores rising
from 35.58 to 57.83 and a mean gain of 22.25 points (95% CI 18.58 to 25.93, p = 4.78 x 10?7,
dz = 0.688). Indonesia also showed a substantial increase, from 44.58 to 60.50, correspond-
ing to a mean gain of 15.93 points (95% CI 11.61 to 20.24, p = 7.98 x 10712, dz = 0.514).
Sri Lanka and Malaysia showed smaller but statistically significant gains of 5.39 and 5.36
points, respectively. Guangxi (China) differed from the other regions, with a pre-test mean
of 83.54, a post-test mean of 80.28, and a non-significant mean change of —3.27 points (95%
CI —6.94 t0 0.41, p = 0.081).

Pre/Post Mean Scores by Region

. \ . .
gila® Waays@ Nep? \ndones? and® (©nind)

g0 ™= Pre-test
= Post-test

Mean Score

Region

Figure 2. Pre- and post-test mean scores across five regions (Sri Lanka n = 395; Nepal n = 300; Malaysia
n = 314; Indonesia n = 200; Guangxi, China n = 199).

The heterogeneity of regional gain was supported by both parametric and non-
parametric tests. One-way ANOVA vyielded F = 26.55, p = 2.98 x 1072!, with eta
squared = 0.070, while the Kruskal-Wallis test yielded H = 84.95, p = 1.56 x 10717, The
regional pre-test and post-test mean scores with 95% confidence intervals are shown in
Figure 3.

Figure 4 further indicates that the regional pattern was not limited to differences
in mean values, but also involved differing within-region gain distributions. Pairwise
comparisons provided additional statistical detail. After Benjamini-Hochberg adjustment,
Guangxi (China) differed significantly from Nepal, Indonesia, Sri Lanka, and Malaysia. The
largest adjusted contrast was between Guangxi (China) and Nepal, with a mean difference
of —25.52 points and a large effect size (d = —0.849). Nepal also differed significantly from
both Sri Lanka and Malaysia, whereas Malaysia and Sri Lanka did not differ significantly
from one another after correction.
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Figure 3. Regional pre- and post-test mean scores with 95% confidence intervals.

Gain Score Distribution by Region

Gain (Post - Pre)

Sri Lanka Nepal Malaysia Indonesia Guangxi (China)

Figure 4. Distribution of gain scores by region. Regional sample sizes are Sri Lanka n = 395, Nepal
n =300, Malaysia n = 314, Indonesia n = 200, and Guangxi, China n = 199.

3.3. Grade and Sex Subgroup Patterns

When analysed by sex, both female and male students showed significant pre—post
gains. Female students increased by 9.75 points on average (p = 1.50 x 1077, dz = 0.314),
while male students increased by 8.64 points (p = 1.13 x 1071, dz = 0.261). Figure 5 shows
the sex-specific distributions, and Figure 6 shows regional variation in mean gain by sex.

Gain by Region and Gender

100 o o
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®
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e
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O
-50
. (@) (o]
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~100 B Male &
Sri Lanka Nepal Malaysia Indonesia Guangxi (China)

Figure 5. Gain scores by region and gender (female 1 = 775; male n = 633). Boxes show the interquartile
range with median lines, whiskers show 1.5 times the interquartile range, dots indicate outliers, and
the dashed line marks zero gain.
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Mean Gain Heatmap: Region x Gender
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Figure 6. Heatmap of mean gain scores by region and gender. Cell values represent mean gain scores.

Grade-specific results were more heterogeneous. As shown in Figure 7, Grade 9
showed the largest gain (+22.41, p = 2.02 x 10~%°, dz = 0.738), followed by Grade 6 (+17.73,
p=3.74 x 1077, dz = 0.655) and Grade 5 (+14.91, p = 1.67 x 10~4, dz = 0.535). Grade 8 also
showed a significant increase (+6.68, p = 9.11 x 1074, dz = 0.192). By contrast, Grade 7
showed little overall change (—0.72, p = 0.552), and the estimate for Grade 10 was imprecise
because the subgroup was small (n = 8).

Gain by Grade

100
75

50

Gain (Post - Pre)
o

6 7 8 9 10
Grade

Figure 7. Gain scores across grade levels. Grade-level sample sizes are Grade 5 n = 57, Grade 6 n =73,
Grade 7 n = 558, Grade 8 n = 304, Grade 9 n = 408, and Grade 10 n = 8. Boxes indicate the interquartile
range, horizontal lines within boxes indicate medians, whiskers indicate 1.5 times the interquartile
range, dots represent individual student gain scores, and the dashed horizontal line indicates no
change in score.

3.4. Baseline Score and Adjusted Model

In the ordinary least squares (OLS) model, baseline pre-test score was the strongest
predictor of gain (beta = —0.686, p < 0.001). The model explained 25.6% of the variance
in gain (R? = 0.256). The negative coefficient indicates that students with higher starting
scores tended to show smaller subsequent gains, consistent with limited headroom on the
bounded 0-100 score scale. In Table 2, after adjustment for baseline score, grade, sex, and
region, some regional differences remained evident in the model output, whereas grade
and sex were not significant predictors in the adjusted model. Implementation-source
cluster-robust estimates and leave-one-source-out checks in the Supplementary Materials
further show that the baseline-score association was stable, while regional coefficients were
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less precise under clustered uncertainty. The relationship between baseline score and gain
is shown in Figure 8.

Table 2. OLS gain model with conventional and cluster-robust standard errors (N = 1408; R? = 0.256;
cluster-robust SE based on 11 available district/school-source groups).

. Cluster Cluster Cluster
Predictor Coef. SE p Coef. SE p
Intercept 56.283 8.285 <0.001 56.283 34.583 0.135
Indonesia
(ref: Guangxi, China) —7.001 3.434 0.042 —7.001 16.113 0.673
Malaysia
(ref: Guangxi, China) —17.751 2.942 <0.001 —17.751 14.881 0.260
Nepal
(ref: Guangxi, China) —6.593 3.244 0.042 —6.593 11.301 0.573
Sri Lanka
(ref: Guangxi, China) —20.221 2.926 <0.001 —20.221 8.238 0.034
Baseline pre-test score —0.686 0.037 <0.001 —0.686 0.106 <0.001
Grade —0.476 0.976 0.626 —0.476 5.338 0.931
Female (ref: male) 2.114 1.501 0.159 2.114 3.377 0.545

Relationship Between Baseline Score and Gain

100 .
75 ° °
50 ° ° .
’é\ °
o 25 ° °
3 o
g._/ °
£ ‘ :
S Region .
50 Sri Lanka R )i
Nepal
75 Malaysia :
Indonesia
-100 Guangxi (China)
0 20 40 60 80 100

Pre-test Score

Figure 8. Association between baseline (pre-test) score and gain across the analytic sample (N = 1408).
Apparent intermediate color shades result from the overlap of semi-transparent points and do not
indicate additional groups or variables. The solid black line represents the fitted linear regression,
the grey shaded band shows the 95% confidence interval, and the dashed horizontal line marks
Zero gain.

3.5. Sensitivity Analysis

The cleaned analytic dataset contained 1408 observations and no missing values. The
recorded change column matched the calculated difference between post-test and pre-test
scores for all observations. At the same time, 8.17% of observations had post-test scores of
zero, 6.68% had pre-test scores of zero, and 8.17% had pre-test scores at or above 90. The
98 records with post = 0 and pre > 0 were unevenly distributed across regions: Sri Lanka
39, Malaysia 35, Nepal 23, Indonesia 1, and Guangxi (China) 0. Supplementary Materials

https://doi.org/10.3390/su18147165


https://doi.org/10.3390/su18147165

Sustainability 2026, 18, 7165

10 of 15

Figure 54 reports the same issue by anonymized implementation source and includes both
the number of records and the source-specific analytic sample size.

Sensitivity analysis excluded the 98 records in which the post-test score was zero while
the pre-test score was above zero, reducing the sample from 1408 to 1310 observations.
These records were further examined due to the possibility that they represented true zero
scores, nonresponse, coding errors, or administration-related issues. Nevertheless, the
final analytic dataset lacked sufficient information to differentiate these scenarios at the
individual-record level. Accordingly, the sensitivity analysis was performed to evaluate
the robustness of the primary results, rather than to determine the validity or invalidity
of these records. Under this specification, the overall mean gain increased from 9.25 to
12.93 points, and Cohen'’s dz increased from 0.289 to 0.434 (p = 4.79 x 10~°!). This suggests
that the primary estimate is conservative if these zero post-test records reflect nonresponse
or coding problems. However, the records were retained in the main analysis because their
source could not be determined definitively from the final analytic file.

Regional results under sensitivity analysis showed larger gains in several settings, as
shown in Table 3, with increases to 26.96 in Nepal, 16.17 in Indonesia, 12.03 in Malaysia,
and 9.98 in Sri Lanka. In contrast, Guangxi (China) remained negative (—3.27). Since
Guangxi contained no records with post-test scores of zero and pre-test scores above zero,
its negative mean change cannot be attributed to this potential data-quality issue.

Table 3. Distribution of post = 0 with pre > 0 records by region.

Post=0 & Pre>0

Region Analyticn Records

Interpretive Note

May reflect nonresponse,
Sri Lanka 395 39 recording problems, or true

zero post-test scores

Concentrated in a subset of

Nepal 300 z implementation settings
. Concentrated in 2 school
Malaysia 314 35 and Grade 7-8 records
Indonesia 200 1 Minimal influence on

regional estimate
Negative mean change is
Guangxi, China 199 0 not explained by this
data-quality issue
Excluded only in sensitivity
Total 1408 98 analysis; retained in
primary analysis

The supplementary cluster-robust sensitivity model produced a nearly identical
baseline-score coefficient after excluding these records (from —0.686 to —0.679, both
p < 0.001), further supporting the robustness of the baseline-readiness interpretation.

4. Discussion
4.1. Principal Findings

This study examined immediate IAQ knowledge change following a standardized
STEM-based sustainability education program implemented across five Asian regions. The
findings show an overall pre—post increase in IAQ-related knowledge, but this average
improvement masked substantial variation across regions and learner groups. Baseline pre-
test score was the strongest predictor of gain, indicating that students’ starting knowledge
was closely related to the amount of measurable short-term improvement. These findings
are consistent with synthesis evidence showing that environmental education often pro-
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duces positive learning outcomes, while effect sizes vary across studies, populations, and
implementation contexts [27,28].

The results therefore support two linked interpretations. First, a shared IAQ curricu-
lum can generate short-term knowledge improvement across diverse educational settings.
Second, the magnitude and direction of observed gain depend strongly on baseline readi-
ness and local implementation context. This distinction is important for sustainability
education because scalable programs often rely on common curricular frameworks, yet
their educational effects may differ when learners enter with different prior knowledge,
school conditions, and exposure-related experiences.

4.2. Regional Heterogeneity and Baseline Readiness

Regional heterogeneity was one of the most important findings. Nepal and Indonesia
showed large gains, Sri Lanka and Malaysia showed more modest positive gains, and
Guangxi, China did not show significant positive improvement under the current inter-
vention format. These differences suggest that standardization alone is insufficient for
interpreting or scaling IAQ education. A curriculum that is suitable for one setting may
be too elementary, too familiar, or insufficiently connected to students’ local experiences
in another. This interpretation is consistent with recent evidence that scalable environ-
mental education depends on how common program frameworks are adapted to local
socio-cultural and implementation conditions across regions and school systems [29].

Baseline readiness helps explain part of this variation. Students with higher pre-test
scores generally showed smaller gains, which is expected when outcomes are measured on
a bounded 0-100 scale and when the intervention is introductory in scope. Learners with
lower baseline knowledge had more room for measurable improvement, whereas learners
who were already familiar with IAQ concepts may have required more advanced content,
more challenging inquiry tasks, or more locally specific applications.

The Guangxi, China results are consistent with this interpretation but also require
caution. This subgroup had the highest mean pre-test score and showed a small negative
mean change after the intervention. This pattern should not be interpreted as evidence that
the program was ineffective in that setting. It more likely indicates that the common intro-
ductory curriculum was less well calibrated for a group with higher baseline knowledge.
The absence of post-test-zero records in Guangxi, China also shows that this pattern was
not driven by the data-quality issue examined in the sensitivity analysis.

4.3. Gender, Grade, and Subgroup Interpretation

Sex was not a major source of variation in the present dataset. Both female and
male students showed significant pre-post gains, and the difference between them was
modest after adjustment. Grade-level results require more caution. Grades were unevenly
distributed across regions: all Guangxi students were in Grade 7, Grade 5 students came
from Malaysia only, and Grade 10 included only a small number of students from Sri Lanka.
As a result, pooled grade means partly reflect regional composition and should not be
interpreted as independent developmental effects.

These subgroup findings highlight the importance of interpreting educational out-
comes in relation to sample structure. Apparent differences by grade or region may reflect
overlapping differences in curriculum exposure, school context, prior familiarity, and im-
plementation conditions. For multi-site sustainability education evaluations, descriptive
subgroup comparisons should therefore be supported by adjusted models and sensitivity
analyses rather than interpreted from pooled means alone.
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4.4. Implications for Scalable IAQ Sustainability Education

The findings suggest that IAQ education is well suited to sustainability education
because it connects scientific understanding, health literacy, and everyday environmental
decision-making. Students can relate IAQ concepts to familiar indoor settings such as
classrooms and homes, where ventilation, indoor pollution sources, monitoring evidence,
and exposure reduction can be made concrete. This relevance may support short-term
learning, but the present results also show that relevance alone is not enough. Educational
challenge, prior knowledge, and contextual fit remain important [7]. Existing school IAQ
intervention research has shown the value of technical measures such as ventilation, air
cleaning, source control, positive-pressure fresh-air systems, and monitoring, but these
measures also require users to understand why, when, and how IAQ actions should be
taken [25,30]. The present findings extend that literature by showing that a STEM-based
IAQ curriculum can support immediate knowledge gain while also revealing that the same
curriculum may not work evenly across learner groups with different baseline knowledge.

For scalable implementation, the results support a baseline-informed approach. A
common curriculum can provide a stable framework for program delivery and evaluation,
but its examples, difficulty level, and inquiry tasks may need adjustment across settings. In
lower-readiness settings, instruction may need to emphasize basic IAQ concepts, pollution
sources, ventilation, and health links. In higher-readiness settings, the same program
may need to move more quickly toward data interpretation, mitigation strategies, and
local action planning. This approach is consistent with tiering principles in environmental
assessment, where information is organized so that subsequent decisions focus on issues
most relevant to the current level of action [31].

A context-sensitive approach is also important because IAQ education is shaped
by socio-cultural and regional conditions. Prior work has emphasized the need to con-
sider socio-cultural dynamics when developing culturally relevant educational strategies
and policies [32]. Future IAQ education programs should therefore examine how lo-
cal indoor exposure scenarios, language, household practices, school infrastructure, and
culturally specific examples affect both immediate learning and longer-term sustainability-
related outcomes.

4.5. Strengths and Limitations

This study has several strengths. It included a relatively large multi-region sample
and applied a standardized pre-test and post-test framework, allowing assessment of
immediate knowledge changes across diverse educational contexts. In addition, the com-
bination of descriptive, inferential, adjusted, and sensitivity analyses provided a more
comprehensive evaluation than a single pooled estimate. This approach is particularly
relevant because environmental education outcomes may vary substantially across settings
and populations [33].

Several limitations should be acknowledged. First, the study used a single-group
pre—post design without an untreated comparison group; therefore, causal effects cannot be
established. Alternative explanations, including testing effects, regression to the mean, mat-
uration, response-shift bias, and concurrent external influences, cannot be completely ex-
cluded. Second, the evaluation focused on immediate knowledge change and did not assess
knowledge retention, behavioral change, or longer-term sustainability-related outcomes.

Third, the assessment instrument was intentionally brief to facilitate standardized im-
plementation across multiple school sites within a one-day educational activity. However,
the limited number of items and the use of non-identical pre-test and post-test questions
restricted evaluation of measurement reliability; therefore, the observed gains should be
interpreted as changes in targeted IAQ-related knowledge rather than as comprehensive
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measures of students” overall competence. Finally, regional grade distributions were imbal-
anced, and the analytic dataset lacked consistent teacher, class, or school identifiers for all
participants, limiting the interpretation of subgroup effects and preventing a full multilevel
implementation analysis. Sensitivity analyses, including exclusion of potentially problem-
atic records and cluster-robust models, were therefore conducted to evaluate the robustness
of the main findings. Importantly, these analyses should not be interpreted as confirming
that the excluded records were invalid, as the dataset did not allow differentiation between
true zero scores, nonresponse, coding errors, or administration-related problems at the
individual-record level.

5. Conclusions

This multi-region program evaluation found that a standardized STEM-based IAQ
sustainability education activity was associated with significant immediate knowledge
gain overall, but also with substantial variation across contexts. The strongest gains were
observed in Nepal and Indonesia, whereas Guangxi, China showed no significant positive
improvement under the current intervention format. Baseline readiness was a central
predictor of gain, but it did not fully explain all regional patterns.

For IAQ and sustainability education, the main implication is that curricula should
not be assumed to transfer uniformly across settings. Effective program design requires
baseline-informed differentiation, locally meaningful examples, and evaluation strategies
that account for uneven starting points and implementation contexts. Future research
should use comparison groups, delayed post-tests, behavioral and attitudinal outcomes,
item-level diagnostics, and stronger school- or classroom-level implementation measures
to determine whether short-term knowledge gains translate into durable learning and
sustainability-relevant practice, including pro-environmental behavior change [34].
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