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Abstract

School classrooms represent complex, interconnected systems where indoor environmen-
tal quality critically influences student health, cognitive performance, and educational
equity. Yet traditional approaches operate in disciplinary silos, creating systemic failures
in design, operation, and maintenance. This narrative review adopts a systems engineer-
ing framework to demonstrate how integrated interventions—spanning policy, design,
technology, and operations—create resilient, sustainable, and healthy classroom climates.
Amid escalating climate change impacts (rising temperatures, heatwaves, wildfires) and
emerging threats (airborne pathogens, urban pollution), reactive measures like school
closures prove pedagogically counterproductive. This review synthesizes evidence on
natural, mechanical, and mixed-mode ventilation systems optimized through advanced
control strategies, smart technologies, and health-centred policies. Key findings reveal
that synergistic integration of Policy, Management, Construction, Operation, and Smart
Technologies, in a systems engineering framework, outperforms singular strategies. Critical
interventions include hybrid ventilation coupled with layered defences (HEPA filtration,
UVGI), Al-driven adaptive controls using IoT sensors and Model Predictive Control to
optimize energy while managing pollutant concentrations, and mandatory IAQ standards
rooted in stakeholder education. By framing classrooms as interconnected engineering
systems, this work provides actionable insights for architects, engineers, policymakers,
and administrators, positioning future school design toward resilience, sustainability, and
human-centred health outcomes.

Keywords: classroom indoor climate; resilient schools; sustainable design; air quality;
thermal comfort; engineering interventions; systems engineering

1. Introduction: The Urgency and Complexity of Classroom
Indoor Climate

Young children end up spending about 12% of their lives inside classrooms [1], making
schools a vital social infrastructure responsible for providing optimal learning environ-
ments. The indoor environmental quality (IEQ) of schools has far-reaching implications for
public health and educational equity. Focusing specifically on the thermal comfort and air
quality domains within IEQ—together referred to as indoor climate quality (ICQ)—research
consistently demonstrates that suboptimal thermal conditions and poor air quality impair
cognitive function, increase absenteeism, and exacerbate respiratory illnesses [2,3].

This urgency is amplified by escalating global challenges. Climate change, rising
outdoor air pollution, and emerging novel pathogens demand a paradigm shift in how
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we design and operate educational facilities. The COVID-19 pandemic underscored the
vulnerability of school environments to airborne transmission, triggering widespread
closures with profound societal repercussions [4,5]. This experience demonstrates the
necessity of proactive, engineering-based approaches rooted in systemic policy—moving
beyond reactive measures such as closures—to future-proof classrooms against climatic
and epidemiological disruptions.

Children’s heightened vulnerability to poor ICQ compounds these concerns. They
breathe more air per unit body mass, and their developing thermoregulatory systems make
them more susceptible to thermal extremes [6]. Historically, improvement efforts adopted
singular focuses—such as energy conservation—which, while important, can inadvertently
compromise other critical ICQ aspects if not implemented holistically [7].

1.1. Defining Classroom Resilience

The concept of resilience is paramount in this context. The United Nations Office for
Disaster Risk Reduction defines resilience as “the ability of a system, community, or society
exposed to hazards to resist, absorb, accommodate, adapt to, transform, and recover from
the impacts of a hazard in a timely and efficient manner, while maintaining essential basic
structures” [8]. Aligned with European Commission recognition of classroom air quality as
a public health priority [9], this paper defines a “resilient indoor climate” as the capacity to
adapt to and recover from challenges while maintaining a suitable learning environment
through appropriate engineering design.

1.2. The Complexity of Classroom Indoor Climate Management

Indoor climate conditioning traditionally follows a hierarchical approach: source
elimination, source control, ventilation and filtration, air treatment, and personalized
protection. While specific engineering interventions exist across these steps, their efficacy
is constrained without integrated policy and management support [10-14]. Building
design does not operate in isolation; school location, architectural choices, construction
materials, operational practices, and user behavior, all play significant roles. Addressing
these interdependencies requires a comprehensive approach.

Classrooms present unique management challenges. High occupancy density—
approximately four times that of typical office buildings—coupled with aging infrastructure,
deficient maintenance, lack of operational standards, and external environmental factors—
creates profound systemic problems. A central tension pervades this domain: measures to
improve indoor air quality (such as increased ventilation) or thermal comfort (such as a
warmer heating set-point temperature) often run counter to energy efficiency objectives,
creating the ubiquitous health—sustainability trade-off. Adding complexity, decades of
documentation show poor ventilation rates below the minimum required values across
educational buildings worldwide [2]. This is a particular concern given school-aged chil-
dren’s higher susceptibility to environmental contaminants compared to adults. Exposure
to inadequate indoor climates manifests in short- and long-term health issues (respiratory
diseases, asthma) and demonstrably impairs cognitive functions (concentration, memory,
and task performance), directly undermining academic outcomes [1,12].

1.3. A Systems Engineering Framework

Given these multifaceted challenges, a systems engineering framework offers the most
effective methodological approach to analyze, organize, and resolve conflicts inherent in
maintaining optimal classroom environments. This approach transcends solving individual
problems in isolation by integrating all components—architecture, engineering, policy, and
human behavior—into a single, cohesive hierarchy of control. Unlike prior reviews that
may have concentrated on singular aspects like energy efficiency or ventilation, our work
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adopts a holistic systems perspective. Five domains structure this systems engineering
framework (Figure 1): (1) Policy (standards, regulations, and governance); (2) Management
(maintenance protocols and operational decision making); (3) Construction (building mate-
rials, envelope design, passive strategies); (4) Operation (HVAC systems, air purification,
active controls); and (5) Smart Technologies (IoT sensors, data analytics, Al-driven opti-
mization). This integrated approach provides actionable insights for architects, engineers,
policymakers, and school administrators developing sustainable, resilient educational
infrastructure conducive to health and learning.

i @
@ Smart Technologies ()

ensor/neural network Management
document/shield I\ checklist/people

building _ : IEWSREN
blocks/blueprint \ elements

Figure 1. The systems engineering framework helped guide the structure of this narrative review.

1.4. Rationale for a Narrative Review Approach

A narrative review methodology is appropriate for establishing a foundational under-
standing of complex systems problems [15,16]. This review synthesizes existing literature
on indoor air quality, thermal comfort, ventilation strategies, and engineering solutions
within educational contexts. This approach is justified because the underlying issue in-
tegrates research across disparate fields—air quality monitoring, public health, building
physics, and control systems—establishing theoretical grounding for a unified framework.
Narrative synthesis identifies core systemic connections, conflicts, and, critically, highlights
knowledge gaps requiring future investigation, particularly concerning the combined
effects of mitigation strategies and their holistic efficacy [15,16].

Unlike systematic reviews following rigid protocols, narrative reviews offer flexi-
bility in scope and interpretation, particularly suitable for complex, multidisciplinary
topics spanning diverse research domains. School classroom indoor environments involve
interconnected physical systems (ventilation, heating, lighting), psychological factors (oc-
cupant behavior, comfort perception), policy frameworks (standards and guidelines), and
technological innovations (smart controls, IoT sensors). A narrative approach enables explo-
ration of how these dimensions interact within real-world educational contexts, capturing
complexity that purely quantitative synthesis might miss. Furthermore, qualitative under-
standing of user experience, place identity, and social equity complements quantitative
findings, providing comprehensive insight essential for systems-level interventions.

Consistent with this approach, the depth of coverage within each domain is calibrated
to support conceptual integration and framework development, rather than to serve as an
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exhaustive treatment of any individual intervention, for which dedicated, domain-specific
reviews are cited.

1.5. Contributions and Novelty

This study makes three distinct contributions to the existing school indoor climate
literature. First, it synthesizes individual strands of research on indoor environmental
quality, ventilation, energy efficiency, and governance into a single systems engineering
framework structured around five interdependent domains: Policy, Management, Con-
struction, Operation, and Smart Technologies. Second, it explicitly foregrounds resilience
to climate- and infection-related hazards as design objectives in the developed framework.
This extends beyond conventional IEQ- or ventilation-centered frameworks that may focus
primarily on comfort or energy. Third, it connects this conceptual framework to a concrete
solutions inventory and an integrated three-level resilience architecture, thereby linking
high-level systems thinking to actionable pathways for practice and policy.

2. Methods

We employed a narrative synthesis approach to develop a comprehensive framework
for engineering resilient, sustainable, and healthy school classrooms. The concept of such a
classroom, working with our systems engineering framework, has been summarized in
Figure 2. The methodology is detailed below, outlining the literature search, data extraction,
synthesis process, and the analytical framework guiding this study.
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Policy — Operation
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materials
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Figure 2. Integrated employment of the systems engineering framework for resilient and healthy classrooms.

2.1. Methodological Approach

A narrative synthesis is an approach to systematically review and synthesize findings
from multiple studies, relying primarily on words and text to summarize and explain
the findings [17]. This method is particularly suited for this research as it allows for
the integration of diverse evidence types—including peer-reviewed review articles and
empirical studies, technical guidelines such as those from ASHRAE, government reports,
and design standards—to identify actionable solutions and inform policy.

Unlike a systematic review that might focus on quantitative meta-analysis of ho-
mogenous studies, this narrative synthesis prioritizes conceptual integration and policy
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applicability. The core elements of narrative synthesis, including developing a preliminary
synthesis of findings, exploring relationships within and between studies, and assessing
the robustness of the synthesis, guided our approach [17,18]. The aim was to construct a
cohesive understanding of effective interventions and their integration.

The search string development, illustrated in in Table 1, was deliberately structured
to capture literature relevant to each of the domains in the developed systems engineer-
ing framework: Policy (policy, guidelines, regulations, standards), Management (facility
management, operational strategies, maintenance), Construction (building design, architec-
tural design), Operation (HVAC, energy management, operation), and Smart Technologies
(IoT, sensors, automation, building automation systems). Thus, the database search, the
screening process, and the analytical framework share a common structure throughout.

Table 1. Search string for the narrative review.

Keyword Combinations

AND

(“classroom” OR “school”)

((“building design” OR “architectural design” OR “environmental design”) OR (“operation” OR “HVAC”
OR maintenance OR “energy management”) OR (“smart measures” OR “IoT” OR sensors OR automation

I OR “building automation systems”) OR (policy OR guidelines OR regulations OR standards) OR (“facility
management” OR “asset management” OR “operational strategies”))

AND

(“indoor climate” OR “thermal comfort” OR “air quality” OR IAQ)

AND

O (comfort OR health OR sustainability OR “climate resilience”)

2.2. Data Collection and Literature Search

A structured literature search was conducted to identify relevant publications, fo-
cusing on developments since the beginning of 2020 to capture the most current insights,
particularly those emerging in the context of recent global health and environmental chal-
lenges. The year 2020 was chosen, as the onset of the pandemic led to accelerated devotion
of research resources in school indoor environment and air quality.

2.2.1. Search Strategy

A systematic search of the OpenAlex database was performed (last search carried out
on 4 May 2025). The search strategy was designed to capture literature at the intersection
of school classrooms, indoor climate factors, design and operational interventions, and
overarching goals of health, comfort, sustainability, and resilience, based around the
interdependent domains introduced in the Introduction. The keywords used for the search
were identified based on the above aspects. The search string was generated based on
combining the keywords using the PICO framework (P—patient/problem/population;
I—Intervention; C—comparison, control; O—Outcomes) [19].

This initial search yielded 1609 results, from which 57 review articles and 48 editorials
were identified for screening and citation chaining.

2.2.2. Database Selection Rationale

OpenAlex indexes 260+ million scholarly works across all disciplines, encompassing
nearly all content from Scopus and Web of Science, plus 24,976 additional open-access
journals [20]. As a fully open catalog under the CCO license, OpenAlex provides transparent
access, without proprietary restrictions or paywalls [21]. Technical validation studies con-
firm OpenAlex achieves reference coverage parity with established commercial databases
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while offering superior accessibility [22]. For example, recent comparative studies [23,24]
demonstrate that OpenAlex achieves 93-98% recall for health and environmental topics,
with superior coverage of research from the Global South. This is essential to understanding
global school design practices.

For narrative reviews of established, well-defined topics, single-database searches with
a documented search strategy and supplementary citation tracking provide sufficient com-
prehensiveness while maintaining research efficiency [15,16]. OpenAlex’s integrated cover-
age of engineering, public health, education, and sustainability literatures and its reliable
collection of metadata [25] make it particularly appropriate for this work. The platform’s
modern REST API enables efficient bulk data retrieval without authentication barriers, and
its active development community ensures continuous metadata quality improvements.

2.2.3. Screening and Selection Process
A multi-stage screening process was implemented:

e Initial Screening: The titles and abstracts of the 57 review articles and 48 editorials
were screened for direct relevance to engineering measures for resilient, sustainable,
and healthy school classrooms. This process yielded 12 core articles (9 review articles
and 3 editorials) deemed pertinent to the research scope.

e Citation Chaining: To broaden the evidence base and capture additional relevant
primary studies and reports, a citation chaining (“snowballing”) technique was em-
ployed. Google Scholar was used to identify articles that cited the 12 core review
articles and editorials.

e  Secondary Screening: The titles and abstracts of the articles identified through cita-
tion chaining (a total of 712 unique articles) were then screened for relevance to the
study’s objectives.

e  Full-Text Review: Articles passing the secondary screening (46 articles) underwent a
full-text review to assess their suitability for inclusion in the narrative synthesis.

This process resulted in a final corpus of 36 articles that created the evidence frame-
work for this study. This is illustrated in Figure 3, and the linkages between the systems
engineering framework domains are identified in Table 2.

Table 2. Mapping of search keywords to the systems engineering framework domains and their
representation in the final 36-article corpus.

Number of Corpus

Domain Primary Search Keywords Articles Contributing
Policy policy, guidelines, regulations, standards ~18

Management fac111ty.manag.ement, operational 14

strategies, maintenance

Construction building design, architectural design ~16

Operation HVAC, energy management, operation = ~22

Smart IoT, sensors, automation, building 15

Technologies automation systems

2.3. Data Synthesis and Analytical Framework

The narrative synthesis involved an iterative process of extracting key information,
themes, and findings from the selected 36 articles. The synthesis aimed to build a compre-
hensive understanding of the range of engineering measures available, their effectiveness,
implementation considerations, and the interplay between different types of interven-
tions. A novelty of this work is that no prior review has approached the literature using
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a systems engineering perspective or organized the literature into this specific systems
engineering framework.

Literature Search Strategy
OpenAlex database, PICO
framework, 1609
initial results

v

Initial Screening of Reviews & Editorials
57 review articles + 48 editorials assessed
for relevance, yielding 12 core articles

Citation Chaining/Snowballing

- i o
Data Synthesis and Analysis

Google Scholar, 712 unique @
articles identified Ell s S

E=] =

a | @ @

g| S F

=] 0 @

Secondary Screening Yes =
712 articles screened Relevant? ]

for relevance 36 Extracted interventions

articles L organized by domain

l J
Full-Text Review Narrative Synthesis Output
46 articles assessed 10 Articles Excluded Integrated findings
for inclusion and themes

Figure 3. Narrative review flow of search and selection.

The core of our analytical framework is the systems engineering framework introduced
in this paper, encompassing Policy, Management, Construction, Operation, and Smart
Technologies. This framework was developed a priori based on established categories
in building science, facility management, and public health interventions, and refined
during the preliminary synthesis of the literature. The extracted interventions from each
included study were categorized and analyzed within these five domains. The evidence
base was augmented with relevant, recent works. The larger evidence base included both
peer-reviewed and gray literature. This facilitated the following:

e Developing a preliminary synthesis: Organizing diverse interventions from the re-
viewed works into the identified domains to provide an overview of the landscape
of solutions.

e  Exploring relationships: Identifying how interventions within and across these five
domains interact, complement, or potentially conflict with each other. This works
toward a whole systems approach. An example would be how policy measures
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enable the adoption of specific construction techniques, or how smart technologies
can optimize operational strategies.

o  Conceptual integration: Synthesizing findings from various sources and types of
studies into a cohesive narrative that highlights actionable strategies and overarching
principles for resilient classroom ICQ design.

2.4. Reflections and Limitations

This study, while aiming for a comprehensive overview, has certain limitations inher-
ent in its narrative synthesis approach and scope, listed below. Additionally, as a narrative
review, this work prioritizes conceptual integration and breadth of coverage across five
domains over the granular depth achievable in single-topic systematic reviews. Readers
seeking intervention-specific details may refer to the primary sources cited within each
domain section.

e  Subjectivity in Synthesis: Narrative synthesis, while structured, can involve a de-
gree of subjectivity in the interpretation and integration of findings, especially when
dealing with heterogeneous evidence. While we employed a systematic search and
a predefined analytical framework to mitigate this, the synthesis reflects the author’
interpretation of the available evidence. To enhance the transparency of reporting
the narrative process, we have clearly documented the search strategy and screen-
ing process.

e Time-Bound Literature Search: The decision to focus on literature published after 2020
is intended to capture recent advancements and post-pandemic perspectives. This
means that foundational research published before this date might not be directly
included, though its influence may be present in the recent reviews captured.

e Database Coverage: The initial search was conducted using OpenAlex. While com-
prehensive, it might not cover all existing literature. This was partly mitigated by the
citation chaining process.

e  Scope of “Engineering Measures: The framework focuses primarily on engineering,
policy, and management interventions. While behavioral factors are acknowledged
as implementation challenges and frameworks to influence behavior are discussed, a
deep dive into pedagogical or socio-behavioral interventions is outside the primary
scope of this engineering-focused framework.

e  Generalizability and Geographic Scope: The evidence base synthesized in this review
skews substantially toward high-income settings—primarily Europe, North America,
and parts of East Asia (China, South Korea, Singapore). This reflects a structural
gap in the global literature rather than a limitation of the search strategy. OpenAlex
was selected specifically for its superior coverage of Global South research, yet the
published peer-reviewed literature on classroom indoor climate engineering remains
concentrated in wealthier contexts.

Recent global analyses document that the countries most severely affected by climate-
related school disruption, including Low and Middle Income Countries (LMICs) in Asia
and Africa, are those where the disruption to educational outcomes is access to schooling
itself, rather than the quality of the indoor learning environment [26,27]. Where learning
poverty rates exceed 50%, foundational access and school attendance are the binding
priorities for both policy and research [26]. The structural research gap is compounded by
a policy gap: a World Bank survey of 94 education policymakers across 28 LMICs found
that 61% ranked the protection of learning from climate change among their bottom three
priorities out of ten policy areas [26]. Such a prioritization profile inevitably depresses
research investment and published evidence from these settings.
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As incomes rise and basic access improves in these settings, the systems engineering
framework presented here is intended to provide a transferable scaffold. But adaptation to
local climate, construction norms, and resource constraints will be essential, and dedicated
research for LMIC contexts represents a clear and urgent gap.

Despite these limitations, this narrative synthesis provides a valuable conceptual
integration of current knowledge, offering a structured framework to guide stakeholders in
enhancing the resilience, sustainability, and health of school classrooms.

3. The Imperative: Why Classroom Indoor Climate Matters
3.1. Impacts on Student Health and Cognitive Performance

Exposure to harmful air pollutants within educational facilities carries severe, measur-
able consequences for student health and academic outcomes [14]. Children’s immature
respiratory and immune systems, combined with higher inhalation rates per unit body
weight, increase their vulnerability to indoor contaminants [28]. Key pollutants of concern
include the following:

Particulate Matter (PM; 5 and PMyg). Linked to respiratory diseases, allergies, cardio-
vascular problems, and weakened immune responses; PM; 5 is the most critical pollutant
affecting human health globally [29].

Volatile Organic Compounds (VOCs). Including formaldehyde and benzene released
from materials and furnishings [14]. VOCs cause Sick Building Syndrome symptoms
such as mucous membrane irritation, headaches, and fatigue [1,30]. Formaldehyde is a
recognized carcinogen [6].

Carbon Dioxide (COy). Elevated CO; serves as a proxy for ventilation adequacy [14].
Concentrations exceeding 1000 ppm indicate a ventilation deficiency [2]—a threshold that
studies document as routinely exceeded in naturally ventilated classrooms during occupied
hours [2]. Levels around 2000 ppm—caused by poor ventilation—demonstrably impair
cognitive function and school performance, causing lethargy and decreased intellectual
productivity [2,14,31]. In high-occupancy scenarios, CO, may not adequately proxy certain
indoor air pollutants, e.g., respiratory aerosol concentrations [31], necessitating health-
based ventilation paradigms.

Improved air quality and thermal conditions consistently correlate with higher learn-
ing performance and student well-being [1,14].

3.2. Societal and Economic Consequences and Sustainable Development Goals Alignment

Policy interventions improving indoor air quality are regarded as “no-regret invest-
ments” [32] because the economic gains resulting from increased productivity and reduced
health-related costs typically outweigh implementation expenses. Cost-benefit analyses
of school infrastructure improvements have reported benefit-cost ratios as high as 9:1,
underscoring the economic case for early action [14,28]. Classroom climate improvements
directly advance multiple UN Sustainable Development Goals: SDG 3 (Good Health),
SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities), and SDG 12 (Responsi-
ble Consumption).

3.3. Climate Change as a Force Multiplier

Climate change dramatically amplifies classroom climate management complex-
ity [29,32]. Rising temperatures increase overheating risks [32] and accelerate VOC emis-
sions from indoor materials [33], while extreme weather events—wildfires, dust storms—
compromise outdoor air quality and limit natural ventilation strategies [29,32]. This creates
a critical operational dilemma: opening windows for essential ventilation directly conflicts
with the need to seal buildings during high outdoor pollution or extreme heat events [9],
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demanding the integrated, adaptive systems discussed throughout this review [34]. To
maintain thermal comfort, cooling energy demand increases substantially; to illustrate
the scale, studies show that electrochromic glazing, one passive countermeasure, reduces
cooling loads by 18-40% relative to static shading [35,36], indicating the magnitude of the
thermal burden when such measures are absent.

4. Understanding the Classroom as a Complex System
4.1. A Systems Engineering Perspective

From a systems engineering perspective, the classroom environment is an intricate
assembly of interdependent subsystems whose dynamic interactions determine overall
ICQ [11]. These subsystems, used to characterize the classroom system, are different from
the domains of our systems engineering framework.

Systems engineering provides a structured framework for addressing complex chal-
lenges by viewing the school classroom holistically rather than as isolated components. This
approach recognizes that ventilation systems, building envelope characteristics, thermal
management, indoor air quality control, and policy frameworks represent interdependent
elements requiring coordinated design and operation.

A systems engineering perspective encompasses several key principles [37]:

e Integration of natural and mechanical systems: Neither standalone approach opti-
mally addresses all climatic conditions and occupancy scenarios. Hybrid approaches
leverage the strengths of each.

e  Multi-objective optimization: Pursuing improvements in indoor air quality, energy ef-
ficiency, thermal comfort, and acoustic quality simultaneously requires careful balance,
as inherent tensions exist between objectives.

e  Dynamic control and adaptation: Smart technologies and automated controls respond
to changing indoor and outdoor conditions in real time.

e  Policy-technology alignment: Regulatory frameworks and design standards must
align with technical capabilities to enable effective implementation.

e Resilience and adaptability: Systems must anticipate and accommodate future envi-
ronmental challenges, incorporating flexibility and redundancy:.

For a classroom, these are illustrated in Figure 4.

4.2. Five Core Subsystems

Classroom ICQ emerges from the dynamic interaction of five interconnected subsystems:

The Human Occupant Subsystem. Students and teachers serve three roles: primary
receptors (most vulnerable to poor indoor air quality), main sources of indoor bioefflu-
ents (particularly through respiration and activity), and manual regulators (controlling
windows, fans, and thermostats). Occupant behavior—particularly teachers’ decisions
regarding window operation based on thermal preferences—is a major determinant of
actual ventilation rates [14,38]. Children exhibit heightened susceptibility due to immature
physiological systems and higher inhalation rates per unit body weight.

The IAQ Pollutant Subsystem. Classrooms host multiple interrelated contaminants:
CO; (key proxy for ventilation adequacy), particulate matter from outdoor infiltration
and indoor resuspension, VOCs from materials and furnishings, and bioaerosols (viruses,
fungi, bacteria). Managing each pollutant requires distinct interventions; no single control
strategy addresses all contaminant types effectively.

The Thermal Comfort Subsystem. Thermal comfort—assessed through objective
parameters (temperature, humidity, air speed) and subjective occupant feedback [39]—
directly affects cognitive performance and energy consumption. Maintaining relative
humidity between 40 and 60% is generally recommended to deter mould growth and limit
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virus survival [40]. Children generally prefer cooler-than-neutral conditions compared to
adults [1,14]. Heating, ventilation, and air conditioning systems account for a significant
portion of school energy use, directly linking thermal control requirements to sustainability
goals [41].

The Building and Site Subsystem. Physical design and location impose rigid con-
straints on achievable indoor air quality. Proximity to high-traffic roadways or industrial
facilities increases outdoor pollutant infiltration [1,14]. Building envelope airtightness,
crucial for energy efficiency, limits natural air exchange and risks indoor contaminant
accumulation without adequate mechanical ventilation [7]. Construction and finishing
materials are known sources of VOCs and formaldehyde [14]. The existing ventilation
infrastructure type—natural ventilation (NV), mechanical ventilation (MV), or hybrid
ventilation (HV)—dictates the level of control and resilience available [1,28].

The Operational Control Subsystem. This encompasses passive strategies (natural
ventilation, night cooling, biophilic design), active systems (HVAC, air filtration, disinfec-
tion), and management protocols (maintenance, occupant engagement, adaptive response
frameworks) [40]. Effective operation requires integration of policy mandates, maintenance
regimens, user awareness, and dynamic response to changing conditions.

Integration Multi-Objective Optimization

Y L

Integration:
Natural + Mechanical Systems,
Balance

Palicy-Technology Alignment:
Regulatory Compliance, Technical
Real-Time Integration

Engineering
Perspective

1AQ, Energy, Thermal Comfort, Acoustic
Multi-Objective Optimization:
Trade-off Analysis, Target Alignment

Dynamic Control & Adaptation:
Responsive Systems, Adaptive
Capacity

Figure 4. An illustration of systems engineering perspective for classroom indoor climate.

4.3. System Conflicts and Resilience Challenges

The systems engineering approach reveals fundamental conflicts between competing
objectives that individual domain optimization cannot resolve.

IAQ and energy conflict: Increasing ventilation rates to meet indoor air quality thresh-
olds dramatically increases energy load for heating, cooling, and fan operation [41]. Me-
chanical ventilation is essential for a reliable fresh air supply but constitutes a major energy
consumer. This tension requires intelligent systems that achieve sufficient contaminant
removal without unnecessary energy waste [32].
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Indoor and outdoor air quality nexus—One Air: Indoor air quality depends critically
on outdoor air quality, creating profound resilience challenges when external air becomes
unsuitable [42]. As an example, outdoor PM spikes, due to dust storms, wildfires, or even
urban traffic, necessitate closing windows, sacrificing essential ventilation [9,13,29]. This
necessitates reliance on mechanical systems with high-efficiency filtration.

The IAQ-Thermal Comfort Tension: In manually controlled classrooms, teachers
typically prioritize closing windows to maintain preferred temperature and avoid drafts,
leading to rapid CO, accumulation during class hours [7,38]. Rising temperatures due to
climate change increase overheating risks [43], which impair cognitive function [1]. When
passive cooling fails, cooling systems must engage, exacerbating the energy demand.

These conflicts are intensified by climate change, demanding resilient and adaptive
solutions. The resilience of the framework we discuss stems from adaptive redundancy:
if wildfire smoke compromises natural ventilation, IoT-enabled automation can activate
HEPA filtration while maintaining required ventilation.

5. Integrated Solutions Through the Systems Engineering Framework

The 36-article corpus identified through the search and screening process described
in Section 2 was categorized according to the systems engineering framework, with each
included study’s interventions mapped to one or more domains. The framework then
provides a structured approach to synthesize these interventions and address the system
conflicts identified in Section 4, through coordinated actions across Policy, Management,
Construction, Operation, and Smart Technologies. Interventions in one domain enable and
strengthen efforts in other domains, creating resilient feedback loops. This layered and
interconnected approach is illustrated in Figure 5.

Policy
[eTe] Standards
i

L y . Standards
Funding Climate-Responsive  Grants
Mechanisms ~ Governance  Regulations

Management
o 7= Regulatory oD
=) E] Frameworks g 485
Proactive Occupant Adaptive  Maintenance Training Emergency
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«—> «—> «—> «—> «~—>
Construction

24

Bioclimatic Material Spatial Building Materials Green
Design Optimization ~ Configuration Envelope Barriers

- Healthy Classroom -
0 Operation B Environment Operation

Passive Strategies Active Systems </<9 @

(Natural Ventilation,  (HVAC, Filtration, Hybrid Cooling Ventilation Filters  Solar Panels
Night Cooling) UVGI) Modes

Smart Technologies

4l E 2 = D Al

Sensors/loT Predictive Control  Responsive Human-Centric Sensors Al Algorithms  Smart Windows
Building Envelopes Interfaces

Figure 5. The comprehensive systems engineering framework, illustrating how Policy, Management,
Construction, Operation, and Smart Technologies cascade hierarchically while connected through
bidirectional feedback loops.
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5.1. Policy Interventions: Enabling Systemic Change

Policy measures serve as the backbone for systemic transformation, establishing
regulatory, financial, and governance structures needed to implement engineering solutions
at scale. Recent analyses reveal that 41% of U.S. school districts require HVAC system
overhauls [44], underscoring the critical role of targeted policy interventions.

5.1.1. Funding Mechanisms

Modernization requires substantial capital investments. Programs like the U.K.’s
Public Sector Decarbonisation Scheme and the Irish Pathfinder scheme demonstrate how
grant programs accelerate progress [45,46]. In California, targeted funding for HEPA
filtration systems in classrooms reduced classroom PMj 5 levels by 40-50% compared to
control groups [47]. Complementary evidence confirms that portable HEPA air cleaners
deliver meaningful additional PM; 5 reductions even in classrooms already served by
mechanical ventilation [42], reinforcing the value of layered filtration strategies rather
than single-technology approaches. Innovative financing tools—including tax rebates for
ICQ testing and remediation, performance-based funding tied to ICQ certifications, and
public-private partnerships—can overcome capital constraints [48-50].

As Figure 5 illustrates, no domain operates in isolation—effective resilience requires
coordinated, bidirectional interaction across all five levels, from regulatory policy down to
real-time smart control.

5.1.2. Regulatory Frameworks

Most countries have environmental protection acts with small or no subsections
dedicated to indoor air quality [51]. Mandatory ICQ standards and certifications for
buildings [50], with a focus on public health, are becoming necessary. Complementary
regulatory strategies include mandatory site selection protocols ensuring minimum setback
from major highways with vegetative buffers (>2 m) to reduce pollutant exposure [1,52];
material emission standards preventing volatile organic compound release from construc-
tion materials [53]; health-based indoor air quality standards informed by children’s vul-
nerability [7,54]; and policies reducing traffic-related pollutant exposure through vehicle
electrification and school bus fleet improvements [6].

5.1.3. Climate-Responsive Governance

Building codes must evolve to address climate change impacts [55]. Early warning
systems for extreme weather events integrated with ICQ monitoring can enable proactive
building responses [47,56]. Zoning regulations should ensure new school constructions
consider site microclimate characteristics such as urban heat islands [6,14].

This policy matrix creates the necessary preconditions for implementing construction,
operational, and technological measures. By aligning fiscal incentives with performance-
based regulations, policymakers can overcome the historical lag in adopting health-
protective standards evidenced by delayed responses to indoor air quality hazards like
asbestos and environmental tobacco smoke [34].

The equity dimension of classroom indoor climate is starkest when viewed globally.
UNICEF data show that at least 242 million students in 85 countries experienced climate-
related school disruptions in 2024, with heatwaves alone affecting over 118 million children
in April of 2024 [27]. The burden falls disproportionately on LMICs, where children
lose an average of 18 school days annually to climate disruption—nearly eight times
the 2.4 days lost in high-income settings [26]. In these contexts, the challenge is not
primarily one of ICQ engineering but of basic systemic resilience and access to education
infrastructure. The systems engineering framework presented in this review is therefore
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most immediately actionable in middle- and higher-income settings where schools exist
and function. Closing the LMIC research gap—including scalable, low-cost adaptations
applicable in under-resourced contexts—is an explicit priority for future work. Evidence
from Costa Rica illustrates the magnitude of potential gains even in lower-resource contexts:
air conditioning units that reduced classroom temperatures from approximately 30 °C to
25 °C were associated with a 7.5% improvement in cognitive test performance, with the
largest benefits observed among lower-performing students [57].

Overall, the evidence base for policy interventions is strongest on infrastructure needs
and technical performance—such as 41% of U.S. districts identifying HVAC overhaul
requirements and Californian HEPA programmes achieving roughly 40-50% classroom
PM, 5 reductions. The current evidence base is much weaker on longitudinal health,
learning, and equity outcomes. This underscores an urgent research gap in evaluating
policy effectiveness beyond initial deployment.

5.2. Management Protocols: School-Level Operationalization

Effective management ensures policy mandates are properly implemented and
adapted to evolving classroom needs. Schools benefit from dedicated ICQ policies with
designated ICQ coordinators [13]. Networks of schools can share best practices and guid-
ance [58]. Management choices include avoiding chalkboards to reduce children’s particu-
late matter exposure [6], regulating traffic in drop-off zones with anti-idling policies [3],
and timing window opening to avoid high-pollution periods. Three operational layers
emerge from the literature.

5.2.1. Proactive Maintenance Regimens

Sustaining good ICQ requires continuous preventive maintenance, ensuring systems
function at optimum efficiency. This includes commissioning of new installations, regular
cleaning of classrooms and air supply ducts [10], pest management [59], and verification
that ventilation facilities are not blocked [42]. Day-to-day practices involve careful cleaning,
product selection, scheduling (preferably end-of-day to minimize student exposure) [14]
and facility manager training. Building occupant awareness enables timely reporting when
systems malfunction.

5.2.2. Occupant Engagement Strategies

Introducing teachers and students to ICQ), their exposures, classroom systems, and
health impacts provides long-term benefits [1,10]. Teachers can utilize checklists addressing
material storage, window operation, and ventilation systems. Citizen science and STEM
initiatives involving students in ICQ monitoring yield measurable benefits [60].

5.2.3. Adaptive Response Frameworks

Dynamic management is essential during threats to ICQ. During periods of elevated
health risk, strategies include increased ventilation rates, shifts from demand-controlled to
continuous ventilation operations, local exhaust augmentation, and extended HVAC opera-
tion hours [42]. Temporary measures can include modified occupancy patterns [61], flexible
classroom furniture, distancing and masking protocols, and system rescheduling [42]. For
extreme heat events, schools should maintain documented emergency heat response plans
with established protocols and resource requirements [58]. Strategies can include changing
window opening behavior [62], ensuring regular airing with windows during class breaks,
and the provision of fans to enhance window ventilation [10].

Where sensor networks support adaptive management, peer-reviewed studies of
demand-controlled and mixed-mode ventilation in schools demonstrate energy savings of
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20-60% across climate zones [31,41] while maintaining indoor air quality thresholds. Thus,
adaptive management of ICQ need not come at a prohibitive energy cost.

From a systems engineering perspective, management protocols are a critical but
under-measured link between high-level policy intent and classroom conditions on the
ground. Preventive maintenance, occupant engagement, and adaptive response frame-
works are consistently recommended in reviews and case studies. But quantitative evalu-
ations remain limited to small numbers of schools and short timeframes. Therefore, the
magnitude of achievable gains in absenteeism, symptom reduction, and energy use is
still poorly understood compared to the more extensively studied hardware and building
design-related interventions.

5.3. Construction Interventions and Passive Design

Building physics fundamentally shapes resilience potential. Design parameters—building
orientation, geometry, window type and orientation, window-to-wall ratio, and sun
shading—require implementation during design and construction stages [14,38,63].

5.3.1. Bioclimatic Design Principles

This approach leverages local climatic patterns and environmental factors to ensure
indoor comfort [64]. Strategies include improved envelope insulation and window U-
values [63,65-67], thermal mass and phase change materials to moderate temperature
fluctuations [63,65], envelope air tightness balanced with appropriate ventilation [63,66],
passive solar heating with optimized window-wall ratios [65], shading device integra-
tion [63], and thermal bridge reduction [65].

The performance stakes are considerable: envelope interventions such as dynamic
electrochromic glazing have been shown to reduce cooling loads by 18-40% (Section 5.4.1)
relative to static shading, illustrating that design stage material and glazing specification
choices directly determine the magnitude of the operational energy burden the building
will carry across its lifetime.

5.3.2. Material Optimization for Healthy Buildings

Building materials are the major source of formaldehyde and VOC emissions in
new and recently renovated buildings [14]. During design and construction, we need
to prioritize low-emission materials [3] and furniture [10,14]. For children, it is ideal to
implement low-allergen designs, avoiding carpets, with selective use of suitable insulation
and furnishings [6]. By scheduling non-urgent renovations during longer school breaks,
the exposure to emissions from fresh construction and repairs can be minimized. Prior
to classrooms getting reoccupied, an indoor air quality verification can be done to check
pollutant levels, particularly the off-gassed VOCs. Higher ventilation rates immediately
post-renovation help accelerate off-gassing [3]. Selective use of finishes—such as activated
carbon and unpainted gypsum wallboard for ozone absorption [68] or fly ash concrete for
formaldehyde absorption [69]—further reduces harmful pollutant exposure.

5.3.3. Spatial Configuration Strategies

Design flexibility enables adaptable furniture positioning and partitions. Occupancy
planning can zone activities, separating high-emission operations (chemistry labs, 3-D
printing, kitchens) from classroom space with buffer corridors. Green barriers and bound-
ary walls reduce outdoor pollution impact while enhancing aesthetic quality [3,10,13].
Native vegetation selection ensures adaptation to local climate and rainfall patterns [70].
Building operation phase certification schemes provide better performance validation than
design-phase certification [7].
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Based on the review of the literature, most bioclimatic, material, and spatial strategies
have been tested primarily through simulation studies or small-scale pilots. These works
report substantial reductions in overheating risk, energy demand, and VOC exposure. But
there is still a marked shortage of long-term, in-use measurements in occupied schools.
Such structured studies, across climatic and economic regions, would help to confirm
whether these theoretical gains can be fully realized in practice, at scale, and over reasonable
time frames.

5.4. Operational Systems: Balancing Efficiency and Resilience

Operational systems form the dynamic backbone of ICQ control, integrating passive
design with active technological interventions to maintain thermal comfort and air quality
while optimizing energy.

5.4.1. Passive Strategies

Natural ventilation provides an economical and sustainable choice when outdoor
air quality permits [10,71]. Enhancement techniques include cross ventilation, optimized
window placement, and solar chimneys. Night ventilation leverages thermal mass to
mitigate daytime overheating, proving particularly valuable against heatwaves [72]. Elec-
trochromic windows dynamically modulate solar gain, with studies showing 18-40%
cooling load reductions compared to static shading [35,36]. Biophilic desigh—including
indoor plants to improve occupant satisfaction and perceived thermal comfort [73,74],
green curtain systems to reduce particulate matter exposure [75], and phytoremediation
systems [60]—supports both comfort and air quality. Energy load management through
LED retrofits, efficient appliances, and occupancy sensors reduces internal heat gains, thus
energy use on cooling [63,60].

5.4.2. Active Systems

An important ally in the drive toward sustainable and resilient classroom ICQ is inno-
vations in and improved efficiency in ventilation and air conditioning systems [63,65,66].

Mixed-mode ventilation systems dynamically alternate between natural and mechan-
ical ventilation based on real-time sensor data and predetermined thresholds, achieving
energy savings of 20-60% across climate zones while maintaining superior indoor air qual-
ity [38,41]. Functional decoupling separates ventilation (providing clean air) from thermal
control (heating/cooling), allowing specialized systems to handle each optimally. Dedi-
cated Outdoor Air Systems exemplify this approach, handling ventilation and humidity
while radiant panels manage sensible heat.

Filtration and disinfection provide equivalent ventilation for non-gaseous contami-
nants when outdoor air quality is poor [76]. High-efficiency filters (HEPA or MERV 13+)
effectively capture fine particulate matter and virus-laden aerosols [9,10,77]. Portable air
cleaners with HEPA filters significantly reduce aerosol concentrations, even in classrooms
already using mechanical ventilation. Ultraviolet Germicidal Irradiation (UVGI) uses UV-C
light to inactivate pathogens in air streams, serving as an energy-efficient supplement to
ventilation [11,13,42].

Waste heat recovery systems improve energy efficiency, with mechanical ventilation
plus energy recovery demonstrating clear advantages over natural ventilation for air
quality [32]. Hybrid cooling systems—using enhanced air movements via desk [39] and
ceiling fans [78] to supplement or reduce air conditioning reliance—leverage lower-energy
alternatives. Direct and indirect evaporative cooling systems merit further exploration as
low-energy cooling alternatives [72]. Desiccant-based dehumidification systems [79] also
present the potential to be more energy efficient than air conditioning for humidity control.
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On-site renewable energy generation (solar, small wind) can power ventilation and cooling
systems, reducing grid dependency and operational carbon emissions for a school [63,66].

Quantitative studies illustrate the scale of these opportunities. Electrochromic glazing
reduces cooling loads by around 18-40%, mixed-mode ventilation delivers 20-60% energy
savings across climates while maintaining superior indoor air quality, and high-efficiency
filtration and UVGI provide “equivalent ventilation” during outdoor pollution or infection
events. Comparative evaluations that jointly optimize health, comfort, and energy metrics
in real school buildings remain rare.

The key takeaway from Figure 6 is that each domain offers distinct but complementary
interventions—resilient ICQ emerges from their integrated deployment, not from any
single strategy in isolation.
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Figure 6. A solutions inventory mapping specific engineering, management, and policy interventions
across the developed systems engineering framework. Some interventions may feature under
multiple sub-headings due to the interrelated nature of the systems-engineering framework.

5.5. Smart Technologies: Adaptive Intelligence

Smart technologies bridge the gap between passive infrastructure and dynamic envi-
ronmental demands. These include consumer-grade sensors signaling users to open/close
windows or activate systems and advanced systems integrating real-time data streams
with predictive analytics to optimize ICQ while minimizing energy expenditure.

5.5.1. Sensors and Sensor Networks

IoT-enabled sensors provide real-time data on CO,, PM; 5, temperature, and humidity.
The Boston Public Schools initiative demonstrated that classrooms equipped with these
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sensors reduced ventilation-related energy waste by 19% while maintaining indoor air
quality thresholds [80]. Real-time data visualization empowers occupants to modify behav-
iors, improving ICQ, and reducing energy use [81]. Sensor networks enable citizen science
programs where students analyze localized pollution patterns, fostering data literacy and
environmental awareness [60].

5.5.2. Predictive Control Systems

Model Predictive Control uses physics-based models to predict future indoor condi-
tions under external variations, systematically calculating optimal flow rates to maintain
thresholds while minimizing energy consumption [82]. This proves essential in environ-
ments with extreme seasonal fluctuations. Machine learning algorithms refine control
strategies, predict thermal comfort preferences, and manage complex environmental inter-
play, further optimizing energy efficiency and indoor environment quality [83].

5.5.3. Responsive Building Envelopes and Ventilation Systems

Smart, kinetic facades adjust to outdoor thermal conditions, optimizing thermal com-
fort, visual comfort, and energy use [84].

Using real-time occupancy sensors to adjust ventilation rates dynamically saves en-
ergy compared to constant volume systems while maintaining acceptable indoor air qual-
ity [38]. However, the shift toward health-centred paradigms requires re-evaluating control
parameters, as CO, may no longer serve as an adequate proxy for respiratory aerosol
concentrations [31].

Signalled Manual Airing presents a simple approach where windows open based
on alarms and real-time ICQ measurements [85]. Automated window control using CO,
temperature, and outdoor air temperature monitoring, with optional manual override,
combines automation with occupant agency [3,86]. Adding PM, 5 monitoring enables
smart control of windows and portable air cleaners to reduce particulate exposure while
optimizing ventilation and energy use [87]. Advanced adaptive ventilation control incor-
porates occupancy scheduling, outdoor pollutant tracking via IoT sensor networks, and
real-time actionable intelligence during extreme weather events [31].

5.5.4. Human-Centric Interfaces

Transparent ICQ visualization drives behavioral changes and occupant awareness.
Displays showing ICQ and energy usage information for teachers, parents, and students,
coupled with regular reporting on actions taken, encourage engagement [10]. This visual-
ization must be carefully designed to encourage positive behavioral changes [88]. Smart
buildings can be designed to offer occupants increased opportunities to interact with their
environments, thus providing agency and a sense of control [32].

Early deployments suggest that smart technologies can materially shift performance—
for example, one district-wide sensor programme reported a 19% reduction in ventilation-
related energy waste while preserving IAQ thresholds—but rigorous, multi-year evalua-
tions of reliability, maintenance burden, user acceptance, and distributional equity are still
missing, particularly in under-resourced school systems.

5.6. A Critical Perspective of the Systems Engineering Framework

The systems engineering framework reveals a pattern of uneven maturity across
intervention types. Policy and Construction measures are relatively well documented but
often slow to implement at scale, whereas Smart Technologies show rapid innovation but
limited evidence of long-term performance and equity implications. Management and
Operation interventions remain highly context-dependent, with strong qualitative support
but comparatively fewer robust quantitative evaluations. This imbalance underscores that
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resilience cannot be achieved by over-investing in any single domain; instead, the most
critical gap lies in coordinated, multi-domain implementation and rigorous assessment of
combined intervention packages.

Taken together, this systems engineering framework suggests that the most resilient
and child-centred classroom climates will emerge from deliberately designed intervention
bundles that combine slow-moving but durable levers (codes, design, and policy incentives)
with faster-cycling management practices and adaptive smart controls. There is no single
“silver bullet” technology or policy. For example, hybrid ventilation and HEPA filtration
can simultaneously reduce PM, 5 exposure and HVAC loads when supported by targeted
funding and maintenance capacity. By foregrounding interactions and trade-offs across
domains, the framework moves beyond descriptive cataloguing toward a design and
research agenda focused on a suitable learning space for children.

6. Engineering Resilience Through Integrated Systems
6.1. Foundational Engineering Controls

The primary physical layer optimizes airflow and contaminant removal, essential for
climate and pathogen resilience. Hybrid ventilation systems combining the cost advantages
of natural ventilation with the reliability of mechanical ventilation provide crucial adaptabil-
ity [41]. Mixed-mode ventilation dynamically alternates between modes based on real-time
sensor data and predetermined thresholds, achieving energy savings of 20-60% while main-
taining superior indoor air quality [41]. Functional decoupling—separating ventilation
from thermal control—allows specialized systems to handle each task optimally [11].

Filtration and disinfection provide equivalent ventilation for non-gaseous contam-
inants when outdoor air quality is poor [34]. High-efficiency filters (HEPA or MERV-13
effectively capture fine particulate matter and virus-laden aerosols; in school deployments,
portable HEPA units have achieved PM; 5 reductions of 40-50%, providing protective
indoor air quality capacity even during acute outdoor pollution episodes such as wild-
fire smoke events or dust storms [11,42,77]. Ultraviolet Germicidal Irradiation (UVGI)
supplements ventilation with energy-efficient pathogen inactivation, particularly critical
in high-occupancy environments during disease outbreaks [11,42]. UVGI can be used to
deliver double the standard equivalent clean air delivery rate (e.g., for a classroom, this
could mean an increase from 10 L/s for every person to 20 L/s) in an energy-efficient
manner during outbreaks [76].

6.2. Advanced Control Systems

Advanced control systems move beyond static regulation to provide dynamic, predic-
tive management needed for rapidly changing conditions. Low-cost IoT sensor networks
provide real-time data on CO,, PM; 5, temperature, and relative humidity [11]. Real-time
monitoring detects pollution events, informing proactive actions [11,88]. The Boston Public
Schools sensor deployment quantifies this dual benefit directly: equipping classrooms with
IoT-based IAQ sensors reduced ventilation-related energy waste by 19% while maintaining
indoor air quality thresholds (Section 5.5.1). This demonstrates that real-time data-driven
control can resolve, rather than simply trade off, the health—energy tension. Data visualiza-
tion platforms can further empower occupants to modify behaviors, improving ICQ [88].

Model Predictive Control uses physics-based models to predict future conditions and
systematically calculate optimal control settings, balancing ICQ and energy demands [82].
Machine learning algorithms refine strategies, predict comfort preferences, and optimize
across multiple parameters simultaneously [41]. Demand-controlled ventilation based on
occupancy sensors saves energy while maintaining indoor air quality [11].
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Solar photovoltaic systems, small wind turbines, and solar thermal collectors power
ventilation, heating, and control technologies while reducing grid dependency and im-
proving resilience [65,81]. Renewables integration does require careful planning of local
resources, seasonal variations, and backup systems.

6.3. Policy and Stakeholder Management

For systems frameworks to succeed, they must address organizational and regulatory
failures enabling inadequate buildings. As a starting point, legislating mandatory indoor
air quality standards for public buildings can ensure consistent performance across all
schools [59]. Certification systems must mandate verification of operational performance
via long-term post-occupancy monitoring and continuous audits [7].

The burden of poor ICQ disproportionately affects low-income and minority stu-
dents [59]. Policy frameworks should establish equitable minimum performance standards
applicable across all schools. Funding mechanisms should prioritize retrofitting existing
schools with inadequate conditions. Policy should address disparities in school location
decisions, where low-income neighbourhoods are more frequently located near major
roadways and pollution sources. Urban planning policy integrating transportation, land
use, and school siting could reduce exposure [13]. Equitable financial and technical support
must ensure parity in environmental quality across districts [59].

Climate change necessitates policy and planning fundamentally aimed at enhancing
resilience. Operational protocols must address risks from extreme climate events, mandat-
ing air filtration and cleaning when outdoor air quality is compromised [29]. Building codes
should enforce health-protective practices aligned with sustainable development goals—for
reference, the UN SDGs, promoting low-carbon operational strategies. Simultaneously
addressing SDG 3 (Health), SDG 7 (Energy), SDG 11 (Sustainable Communities), and SDG
13 (Climate Action) requires technologically advanced, integrated systems [11,31,40].

6.4. Implementation Challenges and Pathways

Stakeholder engagement, particularly of in situ users, remains critical. Teachers
and administrators face busy schedules; occupants may perceive automated systems as
a loss of control. Successful adoption may require co-design processes involving users
from inception.

While natural ventilation reduces energy significantly, its effectiveness diminishes
when outdoor pollution exceeds WHO limits—common in many regions [89]. With climate
change and warmer conditions, natural ventilation potential is predicted to decrease in
multiple geographical regions [90]. Hybrid systems blending sensor-triggered operation of
windows, portable air cleaners, ceiling fans, and/or air conditioning maintain ICQ without
excessive energy use.

Capital requirements present substantial barriers: the GAO’s 2020 audit revealed 41%
of U.S. districts require HVAC overhauls averaging USD 4.7M per school [44]. Cost-benefit
analyses of school infrastructure investment report benefit—cost ratios of up to 9:1 [91]. This
implies that the USD 4.7M average per-school HVAC overhaul cost is, at these returns, an
economically justifiable intervention even before accounting for the health, learning, and
societal benefits that ICQ improvements generate. Innovative financing models—including
energy performance contracting and public—private partnerships—warrant exploration.

Without legally enforceable requirements, resources remain unallocated for infras-
tructure upgrades and workforce development. Mandating enforceable, health-based ICQ
requirements can catalyze systemic change.

A summation of observations related to engineering resilience through integrated
systems is presented in Figure 7.
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Figure 7. Integrated resilience architecture showing three interdependent control levels—foundational
engineering (orange), advanced smart controls (purple), and policy/management (blue)—and their
associated implementation pathways.

Physical infrastructure alone cannot deliver resilience—adaptive smart controls and
an enabling policy environment are equally essential, and all three levels must be co-
implemented to address real-world barriers such as capital constraints and workforce gaps.
Figure 7 tries to illustrate and reinforce this.

The integrated resilience architecture in Figure 7 is not only a synthesis of existing
solutions but also a critique of current practice: implementation efforts remain heavily
weighted toward hardware upgrades, with less systematic attention to enabling policy,
financing, and workforce capacity. The literature highlights recurring barriers such as
fragmented governance, insufficient capital budgets, and limited technical expertise, yet few
studies evaluate how multi-level governance reforms or co-design with school communities
can unlock the full potential of engineering and smart-control solutions. In this narrative
review, addressing these systemic constraints emerges as a higher priority than marginal
optimization of individual technologies.

7. Research Gaps and Future Directions

Despite acknowledged importance, significant gaps remain regarding system compo-
nent complexity and interactions.
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Combined Intervention Efficacy. Conclusive research quantitatively reporting the
efficacy of layered mitigation strategies for contaminant removal, infection risk reduction,
and energy consumption simultaneously remains lacking [13,42].

Multitarget Control Modeling. Advanced control systems for concurrent optimization
across multiple targets (temperature, humidity, VOC, CO;) under extreme and rapidly
fluctuating outdoor conditions are largely absent [31,79].

Long-Term and Seasonal Data. Most studies rely on short-term, cross-sectional
measurements, failing to capture longitudinal impacts of seasonal variations on system
performance and health outcomes [14,28,88].

IAQ-Behavioral Dynamics. Further research refining models predicting occupant
behavior and incorporating it into adaptive algorithms is needed to ensure technology
implementation aligns with user adoption patterns [41,88].

Cost and Economic Feasibility. Comprehensive economic analyses quantifying long-
term operational costs, payback periods, and environmental externalities of integrated
systems are needed to inform policy and investment decisions [10].

Multisensory Integration. Limited research examines interactions between multi-
ple environmental factors (ventilation—acoustic relationships, lighting—thermal comfort
combinations). Future research should investigate how simultaneous environmental modi-
fications affect occupant comfort, satisfaction, and performance.

Special Populations. Research on the effects of environmental quality on students
with special needs remains sparse. Students with respiratory conditions, sensory process-
ing differences, and learning disabilities may experience disproportionate effects from
inadequate ICQ.

Low- and Middle-Income Country (LMIC) Contexts. The evidence synthesized
in this review is heavily skewed toward high-income settings. Nearly three-quarters of
the 242 million students whose schooling was disrupted by climate events in 2024 are
in LMICs [27]. Yet dedicated research on scalable, low-cost indoor climate interventions
for under-resourced school infrastructure—such as passive cooling, low-energy filtra-
tion, and lightweight resilient construction adapted to climate and contexts of LMICs—
remains sparse.

7.1. Three Critical Research Frontiers
This narrative review identifies three critical frontiers for future research:

e  Human-Centric Al Integration: Al algorithms utilizing multimodal data fusion to
balance energy savings, ICQ, and occupant comfort preferences, leveraging Building
Information Modeling and IoT networks for dynamic management, can spearhead a
transformation toward human-centric designs.

e  Circular Material Systems: Future building design will aim for zero operational carbon
and zero lifecycle carbon through careful life cycle assessment of materials and systems,
advancing toward circular economy principles.

e Resilience Benchmarking: Flexible ICQ systems and management are crucial for
addressing dynamic changes. Frameworks for benchmarking classroom resilience,
validated by longitudinal studies tracking performance across building lifecycles,
remain essential.

Together, these research frontiers align with and operationalize our systems engi-
neering framework, pointing to concrete next steps for testing integrated intervention
bundles, developing human-centric control strategies, and benchmarking resilience in real
school settings.
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7.2. Synthesis of Systems Integration Findings

An important realization of this work is that classroom resilience emerges not from iso-
lated interventions but through synergistic integration across five interdependent domains.
By reconceptualizing schools as dynamic systems responsive to climatic, epidemiological,
and pedagogical shifts, policy mandates enable construction innovations, which operational
protocols maintain, and smart technologies optimize. This creates adaptive feedback loops,
strengthening the core imperative of resilient, sustainable, healthy classroom environments.

The framework addresses three critical vulnerabilities exposed by recent crises: (1) ther-
modynamic limitations of aging infrastructure during extreme heat events; (2) inadequacy
of static ventilation standards during airborne disease outbreaks; and (3) equity gaps
perpetuating uneven access to protective technologies. A systems engineering approach,
grounded in health-centred paradigms and integrated across five domains, provides the
necessary framework for designing the educational environments our future generation
deserves. For example, policy mandates (Domain 1) enable construction innovations (Do-
main 3), which operational protocols (Domain 2 and 4) maintain, and smart technologies
(Domain 5) optimize. Further, the goal is to create adaptive feedback loops that work across
the domains and strengthen the core need for resilient ICQ in classrooms.

8. Discussion, Implications, and Conclusions

This narrative review demonstrates that resilient, sustainable, and healthy classroom
indoor climates for young children emerge from coordinated interaction among Policy,
Management, Construction, Operation, and Smart Technologies, rather than from isolated
single-domain interventions. By integrating evidence across these domains, the developed
systems engineering framework clarifies that policy and construction decisions set the struc-
tural boundary conditions for resilience, while management practices and smart control
strategies determine whether classrooms can adapt effectively to climatic, epidemiological,
and operational shocks in everyday use.

The implications for practice are that stakeholders should prioritize bundled inter-
ventions that explicitly balance health, learning, and energy, such as combining hybrid or
mixed-mode ventilation with high-efficiency filtration, targeted retrofits of aging HVAC
infrastructure, and low-cost IoT sensing to monitor IAQ and guide adaptive manage-
ment at the classroom level. For policymakers, the framework underlines the need for
enforceable, health-based ICQ standards; equitable funding mechanisms for retrofits; and
performance verification through long-term monitoring to avoid perpetuating disparities
in environmental quality between schools and districts.

In conclusion, conceptualizing school classrooms as complex engineered systems
makes visible three persistent vulnerabilities—overheating in aging infrastructure, inade-
quacy of static ventilation standards under airborne infection risk, and inequitable access
to protective technologies—and provides a structured pathway to address them through
integrated design, operation, and governance. The review’s five-domain framework is
intended as a design and research agenda: a scaffold for future empirical studies on com-
bined intervention packages, for development of human-centric Al control strategies, and
for resilience benchmarking tools that can guide investment in healthier, more equitable
learning environments for young children.
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