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Abstract:

This systematic review synthesizes the factors associated with strategies for improving indoor environmental quality in schools located in
semi-hot and arid climates, where high solar radiation, substantial temperature fluctuations ranging from 12°C to 42°C, low humidity, and
frequent dust events create a fundamental trade-off among natural ventilation, mechanical cooling, and air filtration. No single strategy can
simultaneously address all dimensions of indoor environmental quality. A systematic search was conducted in the ScienceDirect database for
articles published between 2020 and 2026. Four keyword combinations covered transparent building envelopes and thermal comfort, indoor
air quality, improvement strategies, and integrated indoor environmental quality models. Of the 1,200 articles identified, 25 were included
after screening and were supplemented by four conference papers from Shiraz. A narrative synthesis was conducted using comparative
summary tables. An optimal window-to-wall ratio of 15%—-30%, combined with a south—southeast orientation, reduces cooling loads by
20%—40%, while dynamic shading systems combined with low-emissivity glazing achieve reductions of 36%-57%. In naturally ventilated
classrooms, carbon dioxide concentrations exceed 1,000 ppm and reach 2,800-3,200 ppm when windows are closed, whereas particulate
matter concentrations increase two- to fourfold, reaching 35-59 pg/ms3, when windows are open. Photocatalytic filters remove 82%-96% of
volatile organic compounds, while HEPA air purifiers reduce particulate matter concentrations by 14%-56%. Machine-learning models based
on the Random Forest algorithm predict dissatisfaction with indoor environmental quality with an R? of 0.91 using carbon dioxide, volatile
organic compounds, temperature, and humidity as predictor variables. Nevertheless, the three-way trade-off remains unresolved across all
stand-alone strategies. This is the first integrated review specifically addressing indoor environmental quality in semi-hot and arid climates
by combining four domains—building-envelope design, air-quality monitoring, improvement technologies, and integrated modeling—with
field data from Shiraz. The proposed framework, comprising passive design, controlled ventilation with filtration, low-cost sensors, and
machine-learning-based control, provides practical guidance for policymakers and practitioners. It also highlights key research gaps,
including the need for long-term field studies, climate-specific machine-learning models, and the quantification of health outcomes in these
understudied regions.
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Extended Abstract

Indoor environmental quality (IEQ) in schools is a multidimensional construct encompassing thermal comfort, indoor air
quality (IAQ), visual comfort, and acoustic comfort, all of which interact to influence students’ health, attendance, cognitive
functioning, learning efficiency, and academic achievement. Schools represent the second most frequently occupied
environment for children after their homes, and students generally spend approximately six to eight hours per day in classrooms
(1, 2). Children are particularly susceptible to adverse indoor environmental conditions because their respiratory, immune, and
cognitive systems are still developing, while their inhalation rates relative to body mass are higher than those of adults (3, 4,
16). Epidemiological and experimental evidence indicates that insufficient ventilation, elevated carbon dioxide concentrations,
airborne particulate matter, volatile organic compounds, biological contaminants, and inappropriate thermal conditions are
associated with respiratory symptoms, headaches, fatigue, reduced concentration, impaired cognitive performance, school
absenteeism, and poorer educational outcomes (5-7). These concerns are particularly acute in semi-hot and arid climates,
including central and southern Iran, the Arabian Peninsula, North Africa, and parts of the southwestern United States, where
intense solar radiation, large diurnal temperature ranges, low relative humidity, prolonged cooling seasons, and frequent dust

events generate a fundamental conflict among natural ventilation, mechanical cooling, and particle filtration (17, 18). Opening
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windows may improve ventilation and reduce carbon dioxide accumulation, but it may simultaneously increase the penetration
of outdoor dust, PM2.s, PMuo, traffic-related pollutants, and hot air. Conversely, closing windows and operating air-conditioning
systems may improve thermal comfort and reduce outdoor-particle infiltration while increasing carbon dioxide and internally
generated pollutant concentrations. The present systematic review therefore aimed to synthesize evidence on IEQ improvement
strategies for schools in semi-hot and arid climates, with particular emphasis on transparent building envelopes, thermal
comfort, IAQ monitoring, air-cleaning technologies, and integrated predictive models.

A systematic search was conducted in ScienceDirect, Elsevier databases, and Google Scholar to identify relevant peer-
reviewed publications issued between 2020 and 2026. The search strategy was designed to cover four thematic domains. The
first domain addressed transparent envelopes and thermal comfort through combinations of terms related to IEQ, thermal
comfort, schools, classrooms, ventilation, glazing, shading devices, and window-to-wall ratios. The second domain focused on
IAQ parameters, including carbon dioxide, PMa.s, PMuo, volatile organic compounds, formaldehyde, nitrogen dioxide, ozone,
and bioaerosols. The third domain examined improvement technologies, such as photocatalytic filtration, HEPA filtration,
portable air cleaners, green walls, and controlled ventilation. The fourth domain addressed integrated IEQ assessment through
machine learning, post-occupancy evaluation, weighted IEQ indices, digital twins, and multi-objective optimization. The
screening and reporting process was guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
framework. Of approximately 1,200 initially identified records, 25 articles were retained after duplicate removal, title and
abstract screening, full-text eligibility assessment, and methodological review. Four conference papers reporting evidence
relevant to Shiraz were added to strengthen the regional interpretation. The final evidence base was organized into four groups:
eight studies on transparent envelopes and thermal comfort, seven on IAQ, five on improvement strategies, and five on
integrated 1EQ and machine-learning models. For empirical studies, data extraction covered authorship, publication year,
research objective, study design, climatic context, field or simulation methods, measured environmental variables, principal
quantitative findings, and limitations. Review articles were used for contextual comparison rather than treated as primary data.
A narrative synthesis was undertaken because of substantial methodological heterogeneity across field measurements,
laboratory experiments, building-performance simulations, sensor-validation studies, post-occupancy surveys, intervention
studies, and predictive modeling. Comparative summary tables were used to integrate evidence across technologies and identify
convergent findings, climatic trade-offs, performance ranges, implementation barriers, and research gaps (24, 26, 53).

The findings demonstrate that transparent-envelope design is a primary determinant of cooling demand, solar heat gain,
daylight availability, glare, and thermal discomfort in hot and dry school buildings. The most consistently supported approach
was not the maximization of glazing but the careful adaptation of the window-to-wall ratio to room function, orientation, and
occupancy. For regularly occupied classrooms, a window-to-wall ratio of approximately 15%-30% generally provided a more
appropriate balance between daylight and cooling demand, whereas considerably higher ratios could be acceptable in
circulation spaces such as stairwells, where continuous thermal comfort requirements are lower (27, 29). Building orientation
was identified as one of the most influential and economically advantageous design variables. Machine-learning-based
optimization of more than 3.7 million design scenarios indicated that east—west orientations produced the highest cooling loads,
whereas north—south and south—southeast orientations substantially reduced annual cooling demand and thermal discomfort
(30). Shading performance varied according to system adaptability. Fixed overhangs provided low-cost protection but could
not respond to seasonal or hourly variation, while dynamic and kinetic shading systems achieved more effective solar control.
Mashrabiya-inspired kinetic facades reduced solar penetration by as much as 93% while preserving visual connectivity and

usable daylight (32). Phase-change-material-integrated vertical shading devices improved thermal storage and delayed
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nocturnal temperature reduction, demonstrating advantages over conventional empty shading elements (33). Predictive blind-
control systems supported by calibrated white-box digital twins further improved the balance between daylight availability and
solar-load mitigation by integrating real-time indoor monitoring with weather forecasting (34). Glazing technology also had a
substantial effect. Low-emissivity glazing produced the strongest performance among single-layer options, while double and
triple glazing offered additional benefits for extreme climates and noise reduction, although the incremental advantage of triple
glazing was smaller relative to its higher cost. Integrated dynamic simulations confirmed that glazing performance should be
evaluated through coupled thermal and cavity models rather than isolated U-value comparisons (35). Overall, the most effective
envelope strategy combined optimized orientation, moderate classroom glazing ratios, adaptive shading, and low-emissivity
glazing rather than relying on any single component.

Carbon dioxide was the most frequently monitored IAQ indicator and commonly exceeded 1,000 ppm in occupied
classrooms, with concentrations rising above 2,000 ppm and occasionally approaching 3,000 ppm when windows remained
closed during heating or cooling periods (36, 55). High occupancy density, often several times greater than that of office
buildings, amplified pollutant accumulation and reduced the effectiveness of ventilation systems designed without sufficient
consideration of classroom population. Seasonal field investigations showed that closing windows improved thermal stability
but increased carbon dioxide and internally generated pollutants, whereas opening windows reduced carbon dioxide while
increasing exposure to outdoor particles and dust (37, 38). Reported classroom PMa.s concentrations ranged from approximately
4 to 100 pg/m?, while PMio concentrations reached substantially higher levels in polluted and dust-prone regions. Indoor-to-
outdoor ratios near unity for nitrogen dioxide and fine particles indicated extensive penetration of outdoor pollution through
infiltration and natural ventilation (41). Carbonyl compounds and volatile organic compounds represented major indoor-source
pollutants; indoor carbonyl concentrations were reported to be many times higher than outdoor levels because of emissions
from cleaning products, furnishings, finishes, educational materials, and occupant activities (10, 39). Bioaerosols also
interacted with particle concentrations, with significant associations reported between bacterial levels and carbon dioxide and
between fungal genera and PMio (40). Low-cost multipollutant sensor systems demonstrated practical potential for continuous
monitoring, although calibration, drift, and environmental sensitivity remain important limitations (42). Among improvement
technologies, visible-light-active photocatalytic filters achieved high removal efficiencies for both particulate matter and
volatile organic compounds. Advanced CeO.—TiO>—ZnO and CeO2-/MoS./g-CsN4 composites achieved PMa.s capture and
BTEX degradation rates exceeding 90% under controlled laboratory conditions (45, 46). Portable air cleaners and upgraded
HVAC filtration produced more modest but operationally relevant reductions in occupied classrooms. MERV 13 filtration
improved PM..s removal compared with lower-grade filters, while HEPA- or EPA-based air cleaners reduced PMa.s, total
volatile organic compounds, and fungal richness (47, 48). Simulation evidence further showed that combining outdoor-air
control, MERV 13 filtration, and portable air cleaning could maintain low PM..s concentrations during normal and wildfire
conditions without allowing carbon dioxide to exceed acceptable levels (49). Green walls contributed to particle deposition and
biophilic benefits but showed limited effectiveness for volatile organic compound removal under highly ventilated real -world
conditions (50).

The synthesis identifies a persistent three-way trade-off among ventilation adequacy, particle control, and thermal comfort.
Natural ventilation can reduce carbon dioxide but may introduce hot outdoor air, dust, combustion pollutants, and fine particles.
Mechanical cooling can maintain indoor temperatures within a comfortable range but, when operated with closed windows and

insufficient outdoor air, intensifies carbon dioxide and volatile organic compound accumulation. Filtration can substantially
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reduce PM..s but cannot independently remove carbon dioxide and may increase energy use. This explains why mixed-mode
classrooms rarely meet thermal, ventilation, and particulate standards simultaneously throughout occupied periods (19, 20).
Integrated IEQ models provide a pathway for managing this conflict dynamically. Machine-learning models using carbon
dioxide, volatile organic compounds, temperature, relative humidity, solar radiation, room orientation, and occupant feedback
achieved high predictive accuracy for dissatisfaction and environmental performance (30, 51). However, the relative
importance of IEQ domains varied by climate and cultural context. In mechanically ventilated cold-climate classrooms,
acoustic quality and IAQ received high relative weights, whereas in naturally ventilated tropical classrooms, visual and thermal
comfort were more influential (52). This variation demonstrates that universal IEQ weighting systems should not be transferred
uncritically across climatic regions. For new schools in semi-hot and arid areas, the evidence supports south—southeast
orientation, classroom window-to-wall ratios of 15%-30%, dynamic shading on highly exposed facades, low-emissivity double
glazing, demand-controlled ventilation, and MERV 13 filtration. For existing schools, low-cost priorities include carbon
dioxide monitors with visible feedback, improved window-operation protocols, envelope air-sealing, fixed shading, and filter
upgrades. Medium-cost measures include portable HEPA air cleaners, low-emissivity window films, and ceiling fans, while
higher-cost interventions include mechanical ventilation with heat recovery, replacement glazing, and automated building-
control systems. Post-occupancy evaluation should be incorporated from the design stage and should include continuous
monitoring across at least one annual cycle, structured stakeholder feedback, and user education to reduce the gap between
predicted and actual performance (54). The evidence also highlights the limited number of long-term field studies in arid and
semi-arid school environments and the need for locally calibrated control algorithms, health-outcome assessments, and
integrated energy—health—comfort analyses (53).

This systematic review demonstrates that improving indoor environmental quality in schools located in semi-hot and arid
climates requires a coordinated, multilayered approach rather than the isolated application of ventilation, cooling, filtration, or
facade technologies. The principal challenge is the simultaneous control of carbon dioxide, particulate matter, and indoor
temperature under conditions of high solar gain, low humidity, and frequent dust exposure. Passive design can substantially
reduce thermal loads, but it must be integrated with controlled ventilation and effective filtration to prevent pollutant
accumulation. Continuous sensing is necessary to detect changing occupancy, outdoor pollution, and thermal conditions, while
predictive control can support timely adjustments to windows, blinds, ventilation rates, air cleaners, and cooling systems. The
proposed framework therefore consists of five interconnected layers: climate-responsive passive design, mixed-mode
ventilation with filtration, continuous low-cost monitoring, occupant engagement and operational training, and adaptive
optimization supported by machine learning. Low-cost interventions, particularly carbon dioxide monitoring, shading,
envelope sealing, and filtration upgrades, can provide immediate improvements in resource-constrained schools, whereas long-
term renovation should prioritize high-performance glazing, controlled mechanical ventilation, and integrated building
automation. Future investigations should include multiyear field measurements, climate-specific predictive models,
standardized health indicators, and economic evaluations that account for energy costs, absenteeism, cognitive performance,
and health benefits. For cities such as Shiraz, where acceptable IEQ conditions may occur during only a limited proportion of
occupied hours, the implementation of integrated strategies is essential for protecting children’s health, improving learning
conditions, reducing educational inequality, and ensuring that school buildings remain resilient under increasingly severe heat

and air-pollution conditions.
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