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Abstract
Classrooms are high-occupancy spaces where ventilation performance directly affects students’ health, attention, and learning. While natural ventilation (NV) is widely promoted as a low-energy means of improving indoor air quality (IAQ) and reducing dependence on mechanical systems, design guidance is often fragmented across disciplines and reported in forms that are difficult to translate into early architectural decisions. This study addresses that gap by converting dispersed evidence into an architect-readable, multi-scale decision framework for naturally ventilated school classrooms. The research integrates (i) a systematic evidence synthesis of international and Iranian evidence primarily published between 2000 and 2025 and (ii) a rubric-guided case-selection procedure to identify well-documented school precedents for comparative interpretation. The final dataset comprises 117 sources, including peer-reviewed papers, theses/dissertations, standards and regulations, and books. Results are structured across interconnected architectural scales—site and massing, plan and section, façade and openings, and NV-supporting components—showing how early design moves shape airflow paths, controllability, and operational feasibility under variable outdoor conditions. The paper contributes a replicable workflow (evidence synthesis plus rubric-based case screening) and a design-oriented framework that translates ventilation evidence into prioritized architectural decisions and supports robust NV classroom design under real-world constraints such as seasonal variability, outdoor pollution, noise, security, safety, and user operation.
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1. Introduction
School classrooms are high-occupancy spaces in which ventilation conditions directly affect indoor air quality (IAQ), thermal comfort, health, and students’ ability to remain attentive. Long occupied hours, fluctuating density, and the sensitivity of school-age users make adequate outdoor-air provision a critical consideration in educational environments. Natural ventilation (NV), driven primarily by wind pressure and thermal buoyancy, is widely recognized as a low-energy strategy for improving IAQ and reducing dependence on mechanical systems when outdoor conditions and building operation permit its effective use (Gil-Baez et al., 2017a, 2017b; Kapoor et al., 2021; Toyinbo, 2023).
Reliable NV, however, cannot be achieved merely by providing operable windows. It is an airflow system shaped by coordinated architectural decisions across multiple spatial scales. Site exposure and massing influence pressure differences; plan depth, internal partitions, and sectional organization determine the continuity of airflow paths; and façade permeability, opening geometry, and dedicated ventilation elements affect air entry, distribution, exhaust, and user control (Aflaki et al., 2015; Jia et al., 2021; Khoshnaw et al., 2025). These decisions must also respond to seasonal variability, outdoor pollution, acoustic disturbance, safety, security, and occupant behavior (Diaz-Lopez, Serrano-Jimenez, Lizana, et al., 2022; Diaz-Lopez, Serrano-Jimenez, Verichev, et al., 2022). Accordingly, intermittent window opening may provide temporary airing without ensuring stable, predictable, or controllable ventilation performance.
Research on NV in educational buildings has expanded across building physics, environmental engineering, public health, and climate-responsive architecture (Cuce et al., 2019). International studies have examined airflow mechanisms, opening configurations, classroom environmental performance, ventilation and infection-risk concerns, and the health and cognitive implications of indoor environmental quality (Aguilar-Carrasco et al., 2025; Becker et al., 2007; Cordero et al., 2024; Ferrari et al., 2022; Fisk, 2017; Paridokht et al., 2025). Earlier school-focused design studies also emphasize the architectural role of form, orientation, openings, and spatial organization in establishing ventilation strategies (Alatalo, 2016; Sireesha, 2016; Uzunhasanoglu, 2015). Iranian studies have contributed context-specific evidence on climate-responsive school design, inlet–outlet relationships, façade configuration, classroom geometry, shading, adjustable openings, and operational constraints (Kabir, 2015; Hendoukolaei, 2018; Haji Hosseini, 2020; Khojasteh, 2022). Iranian standards and guidance documents also address outdoor-air provision, CO₂ thresholds, opening requirements, classroom dimensions, daylight–ventilation relationships, pollutant-source separation, safety, and hybrid ventilation strategies (Plan and Budget Organization of Iran, 2021; Ministry of Health, Treatment, and Medical Education, 2022; Institute of Standards and Industrial Research of Iran, 1998, 2001, 2002; Management and Planning Organization of Iran, 2016).
Despite this growing body of knowledge, the available evidence remains fragmented across disciplines and is often reported through heterogeneous indicators, assumptions, and boundary conditions. Many studies focus on isolated variables or individual cases rather than integrated architectural decision structures. Standards provide performance benchmarks, but their application still requires architectural interpretation in relation to spatial configuration, airflow-path continuity, and operational feasibility. Consequently, architects lack a concise and prioritized framework that can translate dispersed evidence into early-stage design decisions.
This study addresses that evidence-to-decision gap by developing a multi-scale architectural decision framework for NV in school classrooms. The research synthesizes international and Iranian evidence primarily published between 2000 and 2025 and organizes the findings across four interconnected scales: site and massing, plan and section, façade and openings, and NV-supporting components. A rubric-guided screening procedure is also used to identify well-documented school precedents for comparative interpretation. The intended contribution is an architect-readable framework and a transparent evidence-to-decision workflow that link airflow mechanisms and performance evidence to prioritized design decisions under real-world constraints.
The study is guided by the following research questions:
RQ1. What multi-scale architectural decision framework can translate dispersed international and Iranian evidence into actionable NV strategies for school classrooms?
RQ2. How can a transparent rubric-guided procedure be used to identify and compare well-documented school precedents for evidence-based interpretation and transfer of NV design decisions?
2. Materials and Methods
2.1. Research Design
This study developed a multi-scale architectural decision framework for natural ventilation (NV) in school classrooms through an integrated evidence-synthesis approach. The method combined a PRISMA-guided review of international and Iranian sources, a design-oriented thematic synthesis, and a rubric-guided comparative analysis of architectural precedents. Iranian M.Sc. theses and national standards were also examined as complementary evidence streams to capture context-specific design concerns and regulatory constraints.
The analysis treated classroom NV as a coordinated airflow system rather than as a matter of window area alone. Evidence was interpreted across four interconnected architectural scales: site and massing, plan and section, façade and openings, and NV-supporting components. Particular attention was given to the traceability of the airflow path: supply, transfer, and exhaust.
2.2. Evidence Sources and Search Strategy
International records were identified through Scopus, Web of Science, and Google Scholar. Iranian records were collected from IranDoc/Ganj, selected university repositories, SID, Magiran, Noormags, and Civilica. The review focused on sources published between 2000 and 2025; currently applicable national standards issued outside this period were retained when they defined directly relevant architectural or regulatory constraints. Search terms were organized around three concept groups: natural ventilation, school or classroom environments, and architectural design strategies. Equivalent English and Persian terms were adapted to the indexing structure of each database.
The search identified 1,013 records before de-duplication, including 924 international records and 89 Iranian records. Standards, regulations, books, and institutional guidance documents were retained when they contributed directly to the architectural interpretation of classroom NV.
2.3. Screening and Eligibility Assessment
The review followed a PRISMA-guided workflow comprising identification, de-duplication, title-and-abstract screening, full-text eligibility assessment, and final inclusion. The screening process is presented in Figure 1.
Sources were retained when they addressed naturally ventilated or mixed-mode school environments and provided design-relevant evidence, such as orientation, plan depth, sectional configuration, façade permeability, opening geometry, airflow paths, operational assumptions, or NV-supporting components. Sources were excluded when they focused on non-educational settings without transferable implications, addressed mechanical systems without architectural relevance, or lacked sufficient methodological or descriptive transparency.
Following screening and eligibility assessment, 117 sources were retained for synthesis, comprising 54 English-language sources and 63 Persian-language sources.
2.4. Data Extraction and Thematic Synthesis
A structured extraction protocol recorded climatic context, school typology, ventilation mode, driving force, airflow-distribution principle, architectural variables, operational assumptions, analytical method, performance indicators, and reported implications. Evidence was synthesized through a design-oriented thematic analysis linking each finding to supply–transfer–exhaust logic and to the relevant stage of architectural decision-making.
2.5. Rubric-Guided Precedent Selection
An initial pool of 56 school precedents was compiled from the reviewed literature. Each case was evaluated using five criteria: clarity of the ventilation principle, legibility of the airflow path, availability of quantitative or validated evidence, traceability of operational assumptions, and transferability to early-stage design decisions. Each criterion was scored from 0 to 2, where 0 indicated absent or unclear evidence, 1 indicated partial evidence, and 2 indicated clear and design-transferable evidence. The rubric is presented in Table 1.
The cases were ranked by total score, and seven precedents with the strongest combination of architectural legibility, evidence quality, and transferability were retained for comparative analysis. Their scores and principal sources are summarized in Table 2.
2.6. Iranian M.Sc. Thesis Analysis
Within the retained evidence set, 40 Iranian M.Sc. theses were analyzed as a national evidence stream. They were classified by research orientation, thematic focus, and analytical method to identify recurring design concerns, dominant research patterns, and gaps in translating performance findings into explicit architectural rules.
3. Results
The evidence synthesis shows that reliable natural ventilation (NV) in school classrooms cannot be reduced to operable windows or isolated components. It emerges from coordinated decisions across design scales, airflow mechanisms, and operational conditions (Baeumle, 2021; Baeumle & Hunt, 2018). The results are organized around two complementary perspectives: NV as a multi-scale design process, and NV as a system of architectural elements and airflow mechanisms. Figure 2 summarizes these perspectives and frames the following subsections.
The central principle linking the findings is a traceable supply–transfer–exhaust pathway: outdoor air should enter through a viable inlet, pass through the occupied zone, and reach an effective outlet without excessive resistance, short-circuiting, or unintended bypass (Etheridge, 2012; Awbi, 2008; Kleiven, 2003). Table 3 summarizes the operational vocabulary used to describe this pathway, Table 4 presents key geometry and depth rules, and Table 5 consolidates Iranian standards as architectural constraints (CIBSE, 2005; Institute of Standards and Industrial Research of Iran, 1998, 2001, 2002; Management and Planning Organization of Iran, 2016; Ministry of Health, Treatment, and Medical Education, 2022; Plan and Budget Organization of Iran, 2021).
3.1. Conceptual Framing and Operational Vocabulary
The reviewed evidence was translated into six operational dimensions: driving force, ventilation principle, airflow-distribution principle, ventilation elements, building geometry, and supply-exhaust air paths (Awbi, 2008; Kleiven, 2003). This vocabulary shifts the discussion from isolated performance indicators, such as air-change rate or CO₂ concentration, toward variables that architects can control: form, depth, section, opening location, facade elements, and airflow paths. This translation process is illustrated in Figure 3, which shows how performance-oriented evidence is reframed through the six operational dimensions into architect-controllable design variables.
Natural airflow may be wind-driven, buoyancy-driven, or hybrid (Bayoumi, 2021; Indarti et al., 2023). Depending on geometry and context, classrooms may rely on single-sided ventilation, enhanced single-sided ventilation, cross-ventilation, stack ventilation, displacement-oriented airflow, or combined strategies. However, ventilation quantity and airflow distribution are not equivalent. Acceptable average values for ACH, CO₂, or air velocity may still conceal stagnant seating zones, draughts, warm-air accumulation, or short-circuiting (Miao et al., 2025; Pinto et al., 2014; Hsu et al., 2024). Reliable NV therefore requires the alignment of performance targets, air-path-forming architecture, and implementable operation (Bienvenido-Huertas et al., 2023; Duarte et al., 2024; Heeboll et al., 2018).
3.2. Scale-Based Design Findings Across the School Design Process
The first perspective in Figure 2 shows that NV should be treated as a front-loaded architectural decision. Its feasibility is largely established before details are designed, when urban exposure, school siting, building orientation, massing, plan depth, circulation layout, and section are defined (Baeumle, 2021; Baeumle & Hunt, 2018; Hiyama & Glicksman, 2015; Wang & Malkawi, 2019; Yuan, 2018).
At the urban, neighborhood, and site-plan scales, wind availability must be evaluated together with surrounding obstructions, pollution, noise, vegetation, courtyard geometry, and adjacent land uses. In polluted or noisy contexts, the most wind-exposed facade may not be the most appropriate inlet location (Tikul et al., 2023; Yin et al., 2024). Courtyards and semi-open spaces can support staged airflow transfer, but excessive enclosure may reduce air movement; one study identifies approximately 60% courtyard openness as a balance between air speed, air age, and usability (Li et al., 2025).
At the building, plan, and section scales, orientation, compactness, wing arrangement, floor level, classroom depth, corridor type, ceiling height, and high-level relief determine whether air can pass through the occupied zone. Upper floors and windward wings may ventilate better than lower or sheltered zones, and external corridors can improve airflow compared with internal corridors under tested conditions (Idowu et al., 2022; Yang et al., 2019). As preliminary geometry gates, single-sided ventilation is typically limited to about 2H, enhanced single-sided ventilation to about 2.5H, and cross-ventilation to about 5H under favorable exposure, where H is floor-to-ceiling height (CIBSE, 2005). These early-stage geometry rules are summarized in Table 4.
Facade design and internal arrangement complete the airflow path. Shading devices, louvers, trickle vents, ventilating panels, opening height, inlet–outlet position, and user access influence air entry, airflow direction, and user control over the ventilation pathway (Le et al., 2023; Farokhyan et al., 2020). Larger openings do not automatically improve performance; effective ventilation depends on through-flow, vertical separation, solar control, acoustic limits, and realistic operation (Aflaki et al., 2015; Chiang et al., 2013; Kouhirostami, 2018; Olufowobi & Adenuga, 2012; Ragab et al., 2025). At classroom scale, partitions, doors, transoms, furniture, and occupant distribution affect the breathing zone; for example, adding a 15 cm under-door gap with open windows increased ventilation from about 2 ACH to 8 ACH in one classroom study (Hsu et al., 2024).
3.3. Element-Based Findings: Wind-Driven, Stack-Driven, and Hybrid Strategies
The second perspective in Figure 2 interprets NV through architectural elements and airflow mechanisms. Wind-driven or pressure-difference-dominated strategies include operable windows, cross-openings, windcatchers, wind towers, wind scoops, roof ventilators, and ventilating facades. These elements are effective only when they connect to a clear transfer and relief path. Windcatchers and wind towers can capture higher-level winds where facade openings are insufficient, but their performance depends on geometry, dampers, controllable windows, seasonal operation, and prevailing wind stability (Aflaki et al., 2015; Jomehzadeh et al., 2017; Jones & Kirby, 2010, 2012; Kolokotroni et al., 2002; Mavrogianni & Mumovic, 2010; Nejat et al., 2025; Salavatian & Babazadeh, 2025).
Buoyancy- or stack-driven strategies include enhanced single-sided ventilation, solar chimneys, atria, ventilation shafts, roof monitors, double-skin facades, and ventilation chambers. These rely on vertical separation, temperature differences, and high-level relief. Solar chimneys can strengthen extraction during weak-wind periods, but mean velocity or ACH gains do not guarantee occupied-zone improvement unless inlet height and distribution geometry are tuned (Khedari et al., 2000; Suhendri et al., 2018; Tan & Wong, 2012; Wang et al., 2024). Atria and shafts can support deeper plans when cross-transfer and relief paths are legible, while double-skin facades require careful seasonal control and maintenance (Bugenings et al., 2022; Mohamed et al., 2021; O'Connor et al., 2014).
Hybrid strategies combine wind-driven supply with buoyancy-assisted exhaust. Supporting distribution and air-tempering elements, such as earth-to-air or buried duct systems, can serve deeper interiors or classrooms where one façade cannot be opened because of pollution, noise, or security. However, ducts must be short, smooth, and carefully sized because natural driving pressures are limited. The Mediå School case illustrates an integrated strategy using supply towers, underground ducts, plenums, central exhaust towers, sensors, and building-management control (Kleiven, 2003).
Iranian standards reinforce the same logic: outdoor-air provision, CO₂ thresholds, pollutant separation, opening geometry, daylight-ventilation coordination, window safety, classroom dimensions, and hybrid operation schedules all imply that NV should be designed as a controllable and monitorable architectural system rather than as a nominal window-area requirement. These constraints are summarized in Table 5.
3.4. Findings from the Iranian M.Sc. Thesis Stream
The analysis of 40 Iranian M.Sc. theses provides a context-specific view of NV in educational buildings. The studies reflect climatic diversity, urban constraints, regulatory requirements, and operational challenges in Iran, while also revealing an evidence-to-decision gap: many evaluate performance in detail, but fewer convert findings into early-stage architectural rules (Kabir, 2015; Hendoukolaei, 2018; Farahani, 2019; Haji Hosseini, 2020; Akhyani, 2022).
The theses were grouped into performance-oriented (Zomorodian, 2012; Amini, 2023), design-oriented (Hosseini Sang No, 2018; Shirazi, 2019; Mahmoudi, 2020; Pourakbarian Gashti, 2022), detail/envelope-oriented (Lotfi Gharaee, 2018; Ahmadi nia tabesh, 2019; Nasr Abadi, 2021), context-oriented (Zahedi, 2019; Aram, 2022; Bagheri Fazel, 2023), health-oriented (Eradati, 2021; Khojasteh, 2022; Khosravi-Zad, 2022; Malekpour, 2023; Majidpour, 2023), and multi-variable streams (Khosravi, 2022; Alizade, 2024). 
Figures 4–8 summarize their thematic coverage, research streams, spatial distribution, methods, software tools, and variable-method-outcome patterns. The corpus covers 26 Iranian cities and is strongly simulation-led, with field monitoring and post-occupancy evaluation appearing less frequently. Recurrent variables include opening geometry, airflow paths, windcatchers, solar chimneys, atria, shading, courtyards, opening schedules, occupancy patterns, and health-risk scenarios (Ahmadi, 2021; Beiragh Shamshir, 2022; Rahaee et al., 2024; RAHAEI & AZEMATI, 2020; Rahaei et al., 2024). Overall, the thesis stream confirms that opening size alone is insufficient unless airflow paths and realistic operation are addressed concurrently.
3.5. Architectural Patterns from the Case-Study Review
The seven rubric-selected precedents show how NV principles become legible architectural configurations. Their scores and evidence sources are summarized in Table 2, and recurring plan and section patterns are synthesized in Figure 9 (Awbi, 2008; Kleiven, 2003; Passe & Battaglia, 2015).
Four plan patterns recur: central halls or internal streets that act as climatic buffers and transfer zones; linear blocks with short cross-flow routes; courtyard-centered layouts that moderate pressure and support staged transfer; and distributed low-level supply networks, including ducts or plenums, for deeper plans where facade supply alone is insufficient (CIBSE, 2005; Kleiven, 2003; Li et al., 2025; Passe & Battaglia, 2015). Four section patterns also recur: central vertical exhaust axes, roof-level stacks or monitors, low-level supply with high-level relief, and courtyard-solar-chimney combinations. Across these precedents, the transferable lesson is consistent: the supply–transfer–exhaust pathway must be legible in both plan and section, supported by intermediate spaces where necessary, and linked to operation, maintenance, and seasonal control.
3.6. Consolidated Decision Framework
The consolidated framework in Figure 10 brings together the scale-based design process and the architectural-element perspective. It links contextual inputs, design sequence, architectural scales, operational control, and evaluation criteria around one invariant: maintaining a traceable supply–transfer–exhaust pathway through the occupied zone.
Across international evidence, Iranian sources, theses, standards, and precedents, classroom NV performance is not reducible to larger openings or generic passive-design prescriptions. It results from the interaction of site and form, plan and section, facade design, opening controllability, supporting components, and realistic operation under constraints such as climate, season, pollution, acoustics, safety, security, and user behavior (Aflaki et al., 2015; CIBSE, 2005; Hsu et al., 2024; Tikul et al., 2023; Yin et al., 2024). The framework's decision-ready contribution is that it clarifies where NV should be considered, which elements can support it, and under what contextual and operational conditions those elements can function reliably.
4. Discussion
4.1. From Performance Evidence to Architectural Decisions
The principal contribution of this study is the translation of dispersed natural-ventilation (NV) evidence into a multi-scale architectural decision framework for school classrooms. Although the reviewed literature contains numerous performance indicators, simulation results, standards, and documented precedents, findings are often reported as isolated values without clarifying which architectural decisions produced the reported outcomes. This limits their usefulness for architects during concept and schematic design, when decisions about site, massing, plan depth, section, façade composition, and classroom layout are still open.
The results show that reliable classroom NV is rarely achieved by increasing opening area alone. Its effectiveness depends on the alignment of site exposure, building form, classroom depth, plan organization, sectional configuration, façade operability, supporting components, and realistic operation (Awbi, 2008; CIBSE, 2005; Kleiven, 2003). This reinforces the need to introduce NV before massing, circulation patterns, plan depth, and façade composition have been fixed. Later refinement through windows, louvers, shafts, or chimneys can improve performance, but it cannot fully compensate for unsuitable geometry or an unclear airflow pathway.
The framework shifts attention from component selection to decision sequencing. Site and massing determine exposure to wind, surrounding obstructions, pollutant sources, and noise. Plan and section establish the horizontal and vertical continuity of the airflow route. Façade openings, shading devices, vents, and louvers regulate admission, distribution, relief, daylight interaction, and user control. NV-supporting components strengthen performance under specific climatic or operational conditions. Monitoring and user control sustain the intended strategy after occupancy.
The evidence-to-decision translation process is summarized conceptually in Figure 2 and operationalized in the consolidated framework presented in Figure 10. Rather than treating air-change rate, CO₂ concentration, thermal comfort, air velocity, standards, precedents, and thesis findings as isolated inputs, the framework interprets them through five lenses: driving force, ventilation principle, airflow pathway, operating assumptions, and contextual constraints. These lenses convert dispersed evidence into actionable architectural decisions at the scales of site, plan, section, façade, supporting components, and operation.
4.2. Airflow-Path Traceability and Contextual Constraints
A recurring limitation in both international and Iranian studies is the use of aggregate performance indicators without sufficient explanation of airflow behavior in the occupied zone. A classroom may achieve an acceptable average air-change rate while still containing stagnant regions around seating areas. Similarly, high-level outlets may increase extraction while allowing fresh air to bypass the breathing zone. Short-circuiting, draughts, warm-air accumulation, and sensitivity to wind-direction shifts may remain hidden when performance is reported only through global values (Awbi, 2008; Hsu et al., 2024).
The case-study review shows that evidence becomes more transferable when the airflow pathway is explicit: where outdoor air enters, how it engages the occupied zone, how it reaches intermediate spaces or transfer routes, and where it is exhausted. This traceability allows architects to identify which spatial move produced which airflow effect and under what climatic, geometric, and operational assumptions. Therefore, the key design question is not only whether a classroom has operable windows or passive components, but whether the supply–transfer–exhaust sequence is legible in plan, section, façade, and operation.
Iranian standards reinforce the same design logic. Outdoor-air rates, CO₂ thresholds, opening-area requirements, classroom dimensions, daylight criteria, safety provisions, and pollution-source separation should not be treated independently. Together, they define the physical and operational conditions under which NV remains feasible (Institute of Standards and Industrial Research of Iran, 1998, 2001, 2002; Management and Planning Organization of Iran, 2016; Ministry of Health, Treatment, and Medical Education, 2022; Plan and Budget Organization of Iran, 2021). Table 5 makes this relationship explicit by translating standards-based benchmarks into architectural constraints.
CO₂ thresholds are particularly useful because they connect design with operation. Maintaining indoor CO₂ below the recommended threshold requires not only adequate opening provision, but also accessible controls, staged opening modes, high-level relief, and, where possible, sensor feedback. In this sense, CO₂ monitoring should not be understood as a purely technical add-on; it is part of the operational logic that determines whether a naturally ventilated classroom can perform reliably during occupancy.
The Iranian thesis stream reveals an additional limitation. The evidence is strongly simulation-led, while field monitoring and post-occupancy validation remain comparatively limited. Simulation is valuable for comparing alternatives and testing design variables, but actual performance may differ when windows are partially opened, noise restricts operation, maintenance is inconsistent, security concerns limit opening use, or pollution episodes reduce outdoor-air admission. This confirms the need to connect simulated performance with real operating conditions and user behavior.
4.3. Decision-Ready Architectural Rules
The evidence synthesis and case-study interpretation support a set of decision-ready architectural rules for classroom NV. These rules, derived from the consolidated framework in Figure 10 and the standards-based constraints in Table 5, distinguish essential conditions from recommended practices and common failure modes. Their purpose is not to prescribe a universal technical solution, but to clarify the architectural logic that should remain intact when strategies are adapted to different climates, school types, and operational constraints.
The essential conditions are the creation of a legible supply–transfer–exhaust pathway, the use of section as a ventilation engine, engagement of the occupied breathing zone, staged controllability, and integration of operation and maintenance. Without these conditions, NV may exist as a formal design intention but fail as an occupied classroom system.
The recommended practices include designing plan and section as a coupled system, using intermediate spaces as pressure moderators, differentiating supply, transfer, and relief openings, applying passive components strategically during weak-wind or high-temperature periods, coordinating ventilation with daylight and acoustics, and using CO₂ monitoring as an operational trigger. These practices help prevent natural ventilation from becoming dependent on accidental window use or favorable weather alone.
The failure modes to avoid include equating NV with larger windows, using deep plans without relief or assistance, placing inlet and outlet openings at the same level without clear pressure logic, relying on unstructured user behavior, and leaving conflicts with daylight, noise, pollution, safety, or security unresolved. Across all three categories, the central requirement is consistent: ventilation performance should emerge from a legible airflow pathway, coordinated plan-and-section design, and implementable control rather than from isolated component optimization.
This interpretation is also important for retrofitting existing classrooms. In retrofit contexts, the most effective intervention may not be simply enlarging windows. More targeted measures may include adding high-level relief, improving transfer paths through doors or transoms, introducing controllable vents or louvers, using shading devices that also guide airflow, separating supply and exhaust functions, or adding stack-assisted components where direct cross-ventilation is not feasible. However, such measures should be assessed against safety, accessibility, maintenance, seasonal comfort, and actual user behavior.
4.4. Limitations and Future Research
The retained sources differ in climatic context, school typology, occupancy assumptions, analytical methods, and performance indicators. This heterogeneity prevents universal numerical prescriptions. The proposed framework should therefore be understood as a structured decision aid rather than as a fixed design formula. It helps architects identify relevant decisions, relationships, and constraints, but project-specific validation remains necessary.
The precedent set is intentionally small and documentation-driven. Its purpose is mechanism interpretation rather than statistical generalization. Cases were selected because they made the driving force, airflow path, operational logic, and architectural transferability sufficiently legible. This strengthens interpretive value but limits the possibility of broader statistical comparison.
The Iranian thesis stream also varies in methodological depth, and field-based studies remain limited. Future studies should therefore prioritize field validation across climates and seasons, integration of CO₂ monitoring with practical opening and control strategies, and multi-objective analysis addressing NV, daylight, thermal comfort, acoustics, safety, and outdoor-air quality simultaneously (López-Chao et al., 2020). Simulation should be paired more frequently with field measurement and post-occupancy evaluation. Research should also report airflow-path logic and operational assumptions more explicitly so that performance findings can be translated into architectural rules.
Overall, reliable classroom NV depends on the alignment of three elements: performance targets, air-path-forming architecture, and implementable operation.
5. Conclusions
This study developed a multi-scale architectural decision framework for natural ventilation (NV) in school classrooms by synthesizing international evidence, Iranian sources, standards and guidance documents, M.Sc. theses, and rubric-selected school precedents. The findings show that successful classroom NV is not achieved simply by providing operable windows or increasing opening area. It depends on whether the airflow path is architecturally formed, spatially legible, and operationally controllable.
The main contribution of the paper is the translation of dispersed ventilation evidence into an architect-readable decision structure. The proposed framework shows that NV should be considered through two complementary perspectives: first, as a multi-scale design process extending from urban and neighborhood conditions to classroom layout and furniture; and second, as a system of architectural elements and airflow mechanisms, including wind-driven, buoyancy-driven, and hybrid strategies. Across both perspectives, the central requirement is the continuity of a supply–transfer–exhaust pathway through the occupied zone.
The study concludes that reliable classroom NV requires the alignment of three elements: performance targets, air-path-forming architecture, and implementable operation. Performance targets define what the indoor environment should achieve; architecture makes the airflow pathway physically possible through site, massing, plan, section, façade, openings, intermediate spaces, and supporting components; and operation determines whether the intended strategy can function safely and consistently under real conditions of climate, pollution, noise, safety, security, maintenance, and user behavior.
The decision-ready implications can be summarized as follows. Designers must make the airflow route legible in plan and section, provide effective inlets, transfer paths, and high-level relief, and integrate operation and maintenance from the beginning of design. They should design plan and section as a coupled system, differentiate supply, transfer, and exhaust functions, use intermediate spaces and passive components strategically, and coordinate ventilation with daylight, acoustics, thermal comfort, and outdoor-air quality. They should not reduce NV to larger windows, rely on accidental user behavior, use deep plans without relief or assistance, or leave conflicts with noise, pollution, safety, and security unresolved.
The framework is intended as a design aid rather than a universal performance formula. Because the reviewed evidence varies in climate, school type, method, and operational assumptions, project-specific testing, simulation, field monitoring, and post-occupancy evaluation remain necessary. The Iranian thesis stream also indicates a geographically diverse but predominantly simulation-led evidence base, with limited field monitoring and post-occupancy validation; this reinforces the need to test the proposed decision rules under real operating conditions. Future research should validate the proposed decision rules across different climates and school types and should more explicitly connect CO₂-based monitoring, façade operability, user protocols, and multi-objective design performance. In this way, classroom NV research can move from isolated performance optimization toward integrated architectural decision-making.
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  TABLES
Table 1. Rubric criteria and scoring (ΣC1–C5) used for screening and prioritizing case-study candidates.
	Criterion
	Score 0
	Score 1
	Score 2

	C1. Driving force & principle clarity
	Not stated / unclear
	Partially stated
	Explicit (wind/stack/hybrid + principle)

	C2. Architectural traceability
	No usable drawings/air-path
	Some drawings, limited traceability
	Clear plans/sections/air-path diagrams

	C3. Quantitative/validated evidence
	None
	Indirect/limited
	Measured or simulation-validated

	C4. Operation/control traceability
	Not reported
	Partial qualitative description
	Clear operational/control logic

	C5. Transferability
	Low
	Medium
	High; explicit design implications



Table 2. Final school cases retained for in-depth comparative analysis (rubric-selected precedents): code, case (school/project), main evidence in source, score (ΣC1–C5), and sources.
	Code
	Case (School/Project)
	Main evidence in source
	Score (ΣC1–C5)
	Source(s)

	CS1
	Evangelical Comprehensive School
	Case-study set (plans/sections + NV narrative)
	9
	Kleiven (2003)

	CS2
	Waldorf School
	Case-study set (plans/sections + NV narrative)
	8
	Kleiven (2003)

	CS3
	Jaer School
	Case-study set + operational/quantitative evidence used for strengthening
	8
	Kleiven (2003)

	CS4
	Tredal School
	Case-study set (plans/sections + NV narrative)
	7
	Kleiven (2003)

	CS5
	Tånga School
	Case-study set (plans/sections + NV narrative)
	9
	Awbi (2008)

	CS6
	Mediå School
	Diagrams/sections showing supply/extract paths
	8
	Kleiven (2003)

	CS7
	Charles de Gaulle High School 
	Case-study set (plans/sections + NV narrative)
	8
	Passe & Battaglia (2015)



Table 3. Operational dimensions and defining variables used to specify natural ventilation (NV) concepts in school classrooms.
(Adapted from Awbi, 2008; Kleiven, 2003.)
	Operational dimension
	Defining variable(s)

	Natural driving force
	Wind; Thermal buoyancy

	Ventilation principle 
	Single-sided; Cross; Stack 

	Air distribution principle
	Mixing; Displacement

	Characteristic ventilation elements
	Ventilation openings in the facade (windows); Wind scoop; Windcatcher; Wind tower; Chimney / Solar chimney; Double facade; Atrium; Ventilation chamber; Embedded duct

	Building geometry
	Low-rise; Mid-rise; High-rise; Compact; Dispersed

	Supply and exhaust air paths
	Local; Central



Table 4. Natural ventilation (NV) principles in buildings and rule-of-thumb depth/geometry constraints for early design.
(Adapted from CIBSE, 2005, pp. 15–16.)
	Principle / NV strategy
	
	Description (design logic)
	Rule-of-thumb / key notes

	Single-sided ventilation (one facade opening)
	[image: ]
	Primary drivers are typically buoyancy in colder periods and wind-induced exchange in warmer periods. Compared with other modes, air-change rates are usually lower and fresh air penetrates a limited depth.
	Effective depth for meaningful ventilation is typically ≈ 2H (H = floor-to-ceiling height).

	Enhanced single-sided (two vertically separated openings on the same facade; stack-assisted)
	[image: ]
	Ventilation rate can increase due to a stronger stack effect and larger vertical separation between openings; fresh-air penetration improves when a clear low-inlet / high-relief route exists.
	Effective depth may extend to ≈ 2.5H, provided the transfer path between low-level supply and high-level relief is not obstructed.

	Cross-ventilation (through-flow between opposite openings)
	[image: ]
	Main driver is pressure difference between inlet and outlet openings. Performance can be strong under favorable wind exposure but is sensitive to wind direction changes and internal resistance.
	Maximum practical distance between inlet and outlet façades is commonly ≈ 5H. For deeper plans, use narrower blocks / linear forms or courtyard-assisted layouts.

	Windcatcher (wind tower / wind-driven intake)
	[image: ]
	A windcatcher captures higher-level winds (higher dynamic pressure), supplying additional driving pressure to move air through the building toward leeward exhaust.
	Best when prevailing wind direction is reasonably stable. For variable winds, consider multi-directional intakes and control measures to reduce short-circuiting.

	Roof ventilator (modern roof-mounted windcatcher / roof cowl)
	[image: ]
	Uses pressure differences around the roof to drive supply and exhaust via a roof unit; flow can be moderated by dampers; air distribution can be improved with diffuser details.
	Useful for improving roof-level driving forces; requires attention to control and distribution to avoid drafts/short-circuiting.

	Earth-to-air / buried duct ventilation
	[image: ]
	Brings outdoor air via buried ducts to deeper interior zones (e.g., second row of classrooms) and can enable one-sided supply when one façade cannot be opened (pollution/noise constraints).
	Because natural-driving pressures are small, duct design must minimize pressure losses (keep paths smooth/short, avoid excessive bends, size appropriately).

	Atrium-based stack ventilation (stack/solar-assisted via atrium)
	[image: ]
	Places openings at both low and high levels; buoyancy becomes the dominant driver, potentially enabling higher and steadier exhaust and greater penetration when air is transferred across/through the atrium.
	Can ventilate greater plan depths when cross-transfer through the atrium is well defined and high-level relief is effective.



Table 5. Iranian standards and guidance consolidated as architectural constraints for classroom natural ventilation.
	Design / operational issue
	Benchmark or requirement
	Source(s)
	Architectural implication for NV design

	Outdoor-air provision
	Green-school guidance reports approximately 7.1 L/s per person and 3.5 L/s per m². A stricter school ventilation baseline is approximately 10 L/s per student/teacher, or about 6 ACH.
	Plan and Budget Organization of Iran (2021); Ministry of Health, Treatment, and Medical Education (2022)
	Treat outdoor-air provision as a design target that must be supported by effective operable area and a continuous inlet-transfer-exhaust path.

	CO₂ threshold & monitoring
	An acceptable CO₂ range of about 350-1000 ppm is reported, with indoor CO₂ recommended below 1000 ppm. For natural/hybrid ventilation, average daily CO₂ below 1000 ppm and a maximum of 2000 ppm for up to 20 minutes are stated. Exceeding 1000 ppm indicates the need to increase ventilation; sensor installation is noted for naturally ventilated spaces.
	Plan and Budget Organization of Iran (2021)
	Provide staged and monitorable operation: accessible openings, high-level relief, sensor feedback, and user protocols for increasing ventilation when CO₂ rises.

	Supply-air quality & pollutant separation
	Outdoor-air inlets should be separated from pollutant sources: examples include about 5 m from parking entries, 5.7 m from contaminated discharges, and 8 m from waste storage. Operable windows used for NV should be at least 10 m from pollution sources. At the site-selection scale, distance from major pollutant sources should not be less than 500 m.
	Plan and Budget Organization of Iran (2021); Institute of Standards and Industrial Research of Iran (2001)
	Select inlet façades and intake heights by air quality as well as wind exposure. The most wind-exposed façade is not always the best source of outdoor air.

	Opening geometry & operable area
	Operable windows with an opening angle of at least 45 degrees and operable window area of about 10-20% of floor area are suggested to achieve 10 L/s per person. For classrooms with more than 20 occupants, glazing area/floor area = 1:5 and ventilation opening area/floor area = 1:12 are reported. A minimum operable window area of 5% of floor area is also specified, together with a high-level exhaust/relief path.
	Ministry of Health, Treatment, and Medical Education (2022); Plan and Budget Organization of Iran (2021)
	Distinguish total glazing from the effective operable portion. Coordinate opening angle, height, inlet-outlet position, and high-level relief rather than relying on window size alone.

	Daylight–ventilation coordination
	Window-to-classroom area is recommended in the range of 1:8 to 1:5 depending on climate. Other daylight criteria include window area around 1:5 of classroom area, not less than 1:6, and classroom façade daylight-opening area at least 1:3 of the classroom façade area.
	Institute of Standards and Industrial Research of Iran (2001, 2002); Management and Planning Organization of Iran (2016)
	Design façade area, operable area, shading, and solar control together so that daylight requirements do not conflict with usable ventilation openings.

	Window safety & operability
	Minimum window-opening dimensions of 50 × 60 cm and minimum operable opening area of 0.53 m² are stated, together with access and safety requirements for window hardware.
	Institute of Standards and Industrial Research of Iran (1998)
	Ensure that windows satisfying nominal area requirements are actually reachable, safe, and usable during occupied hours.

	Geometry & cross-ventilation feasibility
	Cross-ventilation through opposing operable openings is required for plan depths of about 7-15 m. Openings on both sides are considered necessary when classroom width exceeds 7.20 m. Maximum classroom dimensions are reported as about 8 m length and 7 m width.
	Plan and Budget Organization of Iran (2021); Management and Planning Organization of Iran (2016); Institute of Standards and Industrial Research of Iran (2001)
	Control depth and width early. Avoid deep or obstructed classrooms where later opening enlargement cannot prevent stagnant zones.

	Hybrid strategies & operation schedule
	Hybrid/combined ventilation is recommended, and windcatchers and chimneys are proposed for hot-arid and hot-humid climates. Operational guidance suggests opening windows 30 minutes before and after occupancy and for 10 minutes every hour.
	Plan and Budget Organization of Iran (2021); Ministry of Health, Treatment, and Medical Education (2022)
	Provide accessible hardware, staged opening modes, seasonal control logic, and maintenance access for airflow-enhancing components.


Note. NV = natural ventilation; IAQ = indoor air quality; CO₂ = carbon dioxide; ACH = air changes per hour. The table synthesizes the standards-related evidence discussed in the reviewed manuscript and translates it into architectural design implications.

Figure Legends
Figure 1. PRISMA flow diagram of screening and eligibility.
Figure 2. Two complementary architectural perspectives on natural ventilation in school design: (A) design-process and scale-based perspective, and (B) architectural-element perspective.
Figure 3. Translation of reviewed ventilation evidence into six operational dimensions and architect-controllable design variables.
Figure 4. Thesis-stream mapping of topical coverage and the evidence-to-decision gap.
Figure 5. Distribution of Iranian M.Sc. theses by research stream.
Figure 6. Spatial coverage of Iranian M.Sc. theses.
Figure 7. Methodological distribution (up) and software/tool frequency (down)  in Iranian M.Sc. theses.
Figure 8. Dominant research streams and recurrent variable–method–outcome patterns.
[bookmark: _Hlk232620264]Figure 9. Recurring plan and section patterns derived from rubric-selected school precedents, with transferable lessons for classroom natural-ventilation design.
Figure 10. Multi-scale architectural decision framework for classroom natural ventilation.
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