CHAPTER 16

Engineering Climate Justice for
Children: Building Child-Centered
Adaptation Infrastructures

Gamze Dogdu Yicetirk!

1. Introduction

Climate change is often framed as an environmental or technical challenge.
Yet at its core, it is increasingly recognized as a question of intergenerational
justice. The burdens it generates are not evenly distributed: children, who have
contributed the least to greenhouse gas emissions, are among those who face the
most prolonged and cumulative exposure to its impacts (Shue, 2014; Sanson &
Burke, 2019). This imbalance is not only ethical in nature. It is also reflected
in material conditions, particularly in the environments where children grow,
learn, and develop.

The Intergovernmental Panel on Climate Change (IPCC) makes this
disparity clear. Children face heightened health risks not only because of their
physiological sensitivity, but also because they are expected to live longer under
changing climatic conditions (IPCC, 2022). Projections suggest that a child
born in 2020 may experience between two and seven times as many extreme
climate events, including heatwaves, floods, and droughts, as someone born
in 1960 (Thiery et al., 2021). These figures are frequently cited, but their
practical implications are not always examined in detail. In reality, they point
to repeated and prolonged exposure to environmental stressors, often occurring
during critical stages of development. The overall scale of this exposure is already
considerable. Nearly one billion children currently live in countries classified as
highly climate-vulnerable (United Nations Children’s Fund [UNICEF], 2021).
In these contexts, environmental risks intersect with poverty, infrastructural
deficits, and limited adaptive capacity, creating layered forms of vulnerability
that are difficult to disentangle. Climate change, in this sense, does not introduce
entirely new risks; rather, it intensifies and redistributes existing inequalities
(Parsons et al., 2025).
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Engineering Climate Justice for Children

Children’s vulnerability cannot be explained by exposure alone. Physiological
characteristics, such as immature thermoregulation, higher metabolic rates, and
developing immune systems, already place them at greater risk in the face of
heat stress and climate-sensitive diseases (World Health Organization, 2018;
Shaikh et al., 2025). At the same time, their ability to respond is limited. Unlike
adults, children cannot easily modify their environments or access protective
resources on their own, which means that outcomes are closely shaped by the
surrounding infrastructure, caregiving systems, and governance arrangements
(Helldén et al., 2021).

Moreover, these constraints do not manifest in isolation. These
vulnerabilities do not appear in a single domain; rather, they unfold across
multiple, interconnected pathways. Climate-related impacts include heat-
related morbidity, respiratory illnesses associated with air pollution, vector-
borne diseases, and disruptions to both nutrition and cognitive development
(Vicedo-Cabrera et al., 2021; Romanello et al., 2021). In educational settings,
the effects become particularly visible. Elevated temperatures have been shown
to impair concentration and learning outcomes, especially in poorly ventilated
classrooms where thermal stress exceeds safe limits (Park et al., 2020; Sahni et
al., 2025). These are not short-term disturbances. Over time, such exposures
accumulate and begin to shape developmental trajectories in more lasting ways.

Infrastructure plays an important role here, although it is often
underestimated. Systems such as water, sanitation, shelter, and education do
not simply form the background; they shape how climate risks are actually
experienced in everyday contexts. When these systems are unreliable or unevenly
distributed, vulnerability tends to intensify. The IPCC highlights that effective
adaptation depends, in part, on strengthening such infrastructure, particularly
in essential services such as schools and WASH systems (IPCC, 2022). Yet in
many parts of the Global South, everyday exposure continues to be shaped by
infrastructural deficits, informal urbanization, and unequal service provision

(Hussainzad & Gou, 2024).

Despite this recognition, existing research and policy responses have not
fully addressed the problem. At the same time, an important gap remains in the
literature. While climate impacts on children are widely documented, much of
the focus remains on health outcomes. Comparatively less attention has been
given to how infrastructure and engineering practices themselves might be
reconfigured to respond to child-specific vulnerabilities (Mohamed et al., 2025).
Policy frameworks often acknowledge these vulnerabilities, but they do not
consistently translate them into technical design criteria. As a result, children
are frequently positioned as recipients of protection rather than as actors whose
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lived experiences could inform adaptation strategies (Treichel, 2020).

This gap becomes more significant as climate adaptation increasingly shifts
toward infrastructure-based responses. Without explicit attention to child-
specific conditions, there is a risk that interventions will reproduce existing
inequalities rather than reduce them. In response, this chapter introduces the
Child-Centered Climate Adaptation Infrastructure (CCCAI) framework. The
aim is to move beyond treating children as passive beneficiaries and instead
position them as central reference points in the design and governance of
climate-resilient infrastructure. Building on climate justice theory (Schlosberg,
2012), participatory research, and adaptation studies, CCCAI brings together
four interrelated dimensions: climate-resilient physical infrastructure, water
security and WASH systems, multi-domain health protection, and participatory
governance. By linking these dimensions to measurable design criteria, the
framework aims to translate normative principles into forms that can be
applied in practice. The following sections elaborate on this approach, first
examining vulnerability, then outlining the framework, and finally considering
its application.

2. Children’s Climate Vulnerability and Justice Imperatives

Children’s physiological sensitivity to climate change is distinct from that
of adults in measurable ways. Immature thermoregulatory systems, higher
metabolic rates relative to body mass, and developing respiratory and immune
functions increase children’s susceptibility to heat stress and climate-sensitive
disease (World Health Organization, 2018). Pediatric research demonstrates
that children reach critical heat-stress thresholds at lower wet-bulb globe
temperatures (WBGT) than adults, with safe exposure limits for moderate
physical activity beginning around 24-26°C compared to 28-30°C for adults
(Azan et al., 2025). These lower tolerance thresholds constrain children’s ability
to safely occupy outdoor spaces, participate in physical activity, and maintain
daily routines during increasingly frequent heat events (Park et al., 2020).
Nighttime warming further intensifies risk, as elevated nocturnal temperatures
disrupt sleep quality and impede thermoregulatory recovery, compounding
daytime heat exposure (He et al., 2022).

Physiological sensitivity is closely intertwined with structural inequality.
Children’s climate risk is shaped not only by biology but also by their dependence
on built environments designed and governed by adults. Lacking autonomy to
modify their surroundings or access protective resources independently, children
experience climate hazards through homes, schools, and neighborhoods whose
resilience reflects prior infrastructure decisions rather than individual choice
(Helldén et al., 2021; Iliscupidez et al., 2025). Deficiencies such as poor
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ventilation, limited shade, inadequate drainage, and unreliable water access
translate directly into unequal exposure along socioeconomic and geographic
lines (Schell et al., 2020).

The empirical evidence makes these structural disparities concrete. These
inequalities are measurable, consistent, and deeply divided along income lines.
Beginning with thermal exposure, under current emissions trajectories, 95%
of children in the most socioeconomically vulnerable group are projected to
experience unprecedented lifetime heatwave exposure, whereas this proportion
is estimated at 78% among children in the least vulnerable group (Thiery et al.,
2021; Parsons et al., 2025). At the country level, children in South Sudan now
experience an average of 165 extremely hot days per year, while those in Mali face
as many as 212; by contrast, children in the United States experience roughly 36
such days annually (UNICEE 2022). As of 2022, 559 million children globally
were already exposed to high heatwave frequency, a figure projected to reach
2.02 billion children by 2050, even under low-emissions scenarios (UNICEF,
2022). Inequalities in the built environment further intensify these differences.
Global analyses covering nearly 500 cities indicate a 1.5-fold disparity in the
cooling capacity of urban green spaces, with approximately 3.6°C of daytime
cooling observed in the Global North compared to about 2.5°C in the Global
South. This pattern suggests that children living in areas with the highest
heat exposure also benefit from the weakest infrastructural buffering (Chen
et al., 2022). Schoolyards in affluent areas often maintain substantially higher
vegetation coverage than those serving low-income communities, producing
marked disparities in thermal exposure at the neighborhood scale (van Velzen
& Helbich, 2023; Gallez et al., 2024). The gap is equally stark for water and
sanitation: a survey of 2,690 rural schools across 14 low- and middle-income
countries found that only 4% had all three basic WASH services simultaneously,
and 48% of water samples tested positive for E. coli (Cronk et al., 2021).
Across six sub-Saharan African countries, full WASH coverage in schools ranges
from just 1% in Ethiopia and Mozambique to 23% in Rwanda (Morgan et al.,
2017), while in South Africa, 94% of schools in one municipality rely on pit
latrines due to water scarcity (Radebe et al., 2025). In informal settlements
across the Global South, these infrastructure gaps and planning blind spots
generate compounded exposure to heat, flooding, and waterborne disease, with
children bearing disproportionate health burdens (Hussainzad & Gou, 2024).

Table 1 synthesizes these disparities across key indicators for ready
comparison. Such spatial inequalities interact with physiological vulnerability
to produce cascading effects in which climate hazards amplify pre-existing
structural disadvantage (Romero-Lankao et al., 2014).
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Table 1.

Evidence of Child Climate Vulnerability Disparities Across Socioeconomic Contexts

High-income /

Low-income /

Indicator low-risk context high-risk context References

78% of the least
Heatwave vulnerable children ~ 95% of most-vulnerable children .

o Thiery et al. (2021);

exposure of  face unprecedented  face unprecedented lifetime heatwave P cal. (2025)
children lifetime heatwave exposure arsons et al.

exposure
Annual ~36 days above 35°C  Up to 212 days above 35°C (e.g.,

extremely hot

days

Urban green
space cooling
capacity

School
WASH
access: basic
water

School
WASH
access:
sanitation
and hygiene

School
WASH
interventions:
health

outcomes

Sub-Saharan
Africa
WASH: full
coverage
Heatwave
impact

on child

nutrition

School
climate risk
susceptibility

(e.g. United States)
~3.6°C daytime

cooling from urban
greenery (Global
North average)

Near-universal basic
drinking water service
in schools

Functional toilet-
to-pupil ratios were
generally adequate,
and hygiene facilities
were available in most
schools

Full WASH programs
yield measurable
health and attendance
gains when fully
implemented

Limited impact where
cooling infrastructure
is available

Gereater air
conditioning access;
lower PM2.5 exposure

Mali); 165 days in South Sudan UNICEF (2022)

~2.5°C daytime cooling (Global
South average); green space access Li et al. (2024)
inequality ~2x higher

75% basic water service in Ethiopian  Cronk et al. (2021);
schools (Bishoftu); 58% in Pakistani UNICEF & World
schools (Sindh); only 4% of rural Health Organization

schools in 14 Low- and Middle- (2022); Ahmed et al.
Income Countries (LMICs) have all ~ (2022); Girmay et al.
three basic WASH services (2023)

In Ethiopia, 32% of schools lack
any hygiene facilities. In South
Africa, 94% of schools rely on pit
latrines due to water scarcity. In
Nepal, approximately three out of
four schools do not have menstrual
hygiene management (MHM)
facilities

Girmay et al. (2023);
Sharma et al. (2024);
Radebe et al. (2025)

Project WISE, implemented across 60

schools in Addis Ababa and involving

6,229 pupils, reported a 16%

reduction in respiratory illness. Ina  Cronk et al. (2021);
separate study, Cronk et al. found that Bick et al. (2024)
48% of water samples collected across

14 low- and middle-income countries

were contaminated with E. coli

Only 1% of schools in Ethiopia and
Mozambique have all basic WASH ~ Morgan et al. (2017)
services; Rwanda highest at 23%

3-day heatwave raises risk of dietary
diversity failure by OR 6.19 (95%CI He et al. (2025)
5.46-7.16) in LMICs

Low-income students face hotter
conditions with less air conditioning
(AC), compounding environmental
burdens

Rahai et al. (2025)
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Climate adaptation is generally understood as adjustments in natural or
human systems that aim to reduce harm or enhance beneficial outcomes under
observed or anticipated climatic conditions (IPCC, 2023; Amorim-Maia &
Olazabal, 2025). While this definition is widely accepted, its implications become
more nuanced when viewed through a climate justice perspective. Schlosberg’s
(2012) tripartite framework, distribution, recognition, and participation, offers
a useful way to approach this. Each dimension highlights a different aspect
of how adaptation efforts are shaped and experienced. Distributive justice,
for instance, points to the need to prioritize protection for children facing
the greatest risks, particularly in communities that have contributed least to
climate change (Paavola et al., 2006). Recognition justice draws attention to
how children are understood within these processes, emphasising their status
as rights-holders with distinct needs rather than as a homogeneous vulnerable
group (Tisdall, 2017). Procedural justice, in turn, focuses on participation,
raising questions about how and to what extent children are able to influence
decisions that affect their environments, despite structural barriers within formal
governance systems (Hayward, 2012).

Translating these justice principles into practice, however, requires more than
conceptual recognition. Recent work linking climate justice with adaptation
infrastructure suggests that these dimensions cannot remain at the level of principle
alone. Instead, they need to be embedded within engineering design, resource
allocation, and governance processes if they are to have a practical effect (Sovacool
et al., 2015; Shi et al., 2015; Shi et al., 2016). At the same time, adaptation
interventions do not always produce equitable outcomes. In some cases, measures
such as urban greening, while effective in reducing heat, have also been associated
with processes like gentrification and displacement. These examples illustrate how
infrastructure can unintentionally reproduce injustice when equity considerations
are not explicitly integrated (Anguelovski et al., 2018).

The international normative framework for child climate governance has
developed progressively over recent decades, gradually establishing a stronger
legal and institutional basis for child-centered adaptation. One of its earliest
foundations was the United Nations Convention on the Rights of the Child
(UNCRC; United Nations, 1989), adopted in 1989 and ratified by 196 states,
which set out binding obligations related to children’s rights to life, health,
and participation. Subsequent developments have expanded this foundation.
The 2015 Paris Agreement, for example, explicitly called on states to respect,
promote, and consider human rights, including children’s rights, in the
context of climate action (United Nations Framework Convention on Climate
Change, 2015). A few years later, in 2019, sixteen children from different
countries brought a landmark complaint before the UNCRC, arguing that
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climate inaction by five major emitting states constituted a violation of their
rights. Although the case itself was not upheld, it played a significant role
in prompting the Committee to develop more explicit guidance on climate

change and child rights.

Alongside this early legal foundation, institutional recognition has also
increased in parallel. In 2021, UNICEEF characterised the climate crisis as a child
rights crisis, noting that approximately one billion children were already living
at extremely high risk and calling for the inclusion of child-specific vulnerability
assessments in National Adaptation Plans (UNICEF, 2021). This concern was
further reinforced in 2022, when UNICEF reported that 559 million children
were exposed to frequent heatwaves, with projections suggesting that this could
extend to the global child population, around 2.02 billion, by 2050 (UNICEE
2022). A more formal shift occurred in August 2023 with the adoption of
General Comment No. 26 (CRC/C/GC/26) by the Committee on the Rights of
the Child. This document explicitly recognizes children’s right to a clean, healthy,
and sustainable environment and sets out corresponding state obligations on
climate change, drawing on consultations with more than 16,000 children
across 121 countries (Committee on the Rights of the Child, 2023). In the same
year, the UNICEF Declaration on Children, Youth and Climate Action further
emphasized the importance of meaningful participation and the integration of
child-focused criteria into climate finance mechanisms (UNICEF, 2023). Table
2 summarises these developments chronologically. Taken together, they provide
an increasingly robust normative basis for embedding child-centered criteria
into adaptation infrastructure planning and engineering practice.

Table 2.

Key International Milestones in Recognizing Children’s Rights in Climate
Governance

Year Instrument/Event Significance for children—climate governance

Establishes children's rights to life, health, education,
and participation; a foundational legal framework for
subsequent child climate obligations.

UNCRC (United

1989 Nations, 1989)

States commit to "respect, promote and consider”
human rights, including children's rights, when
taking climate action (United Nations Framework
Convention on Climate Change, 2015).
Committee on the Rights of the Child (2016) holds
CRC Day of General a dedicated discussion on children's rights and the
Discussion environment, triggering a process toward General
Comment No. 26.

2015 Paris Agreement

2016
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Sixteen children from 12 countries filed the first
climate petition before the CRC Committee,
arguing that five major emitting states violated their
rights under the UNCRC. Declared inadmissible
Sacchi et al. v. in October 2021 (Committee on the Rights of the
Argentina et al. Child, 2021); however, the Committee used the case
as a catalyst for drafting GC26, and its reasoning
on extraterritorial jurisdiction and state climate
obligations broke new ground in international
human rights law.

2019

Declares the climate crisis a child rights crisis; finds
UNICEF Climate  ~one billion children at extremely high risk; calls for
Cirisis Report child-specific vulnerability assessments in national
adaptation plans (UNICEE 2021).

Documents 559 million children exposed to high
UNICEF Heatwave heatwave frequency; projects all 2.02 billion children
Report exposed by 2050; calls for adaptation of essential
services (UNICEE, 2022).
First authoritative legal interpretation affirming
children's right to a clean, healthy, and sustainable

2021

2022

CRC/C/GC/26 - . . L .

environment; specifies state obligations on climate
2023 General Comment d . hild riehes i f
No. 26 and requires child rights impact assessments for
) environmental decisions (Committee on the Rights

of the Child, 2023).

UNICEF Calls on governments to include children and

Declaration on youth in climate decision-making and to integrate

2023 Children, Youth and child-focused criteria in national climate finance

Climate Action (UNICEE 2023).

Two broad strands of research have tried to address children’s climate
vulnerability, and both fall short. Child-sensitive adaptation work has made the
case for involving children in planning and has documented their vulnerabilities
in detail, but reviews consistently find that this has changed rhetoric more than

practice. The underlying engineering logic of infrastructure systems remained
largely untouched (Back et al., 2009; Treichel, 2020). Climate-resilient
infrastructure approaches, by contrast, have developed sophisticated technical
tools for hazard reduction and performance optimization, but without specifying
how a school building or water system should differ when its primary users are
children with narrower thermal tolerance thresholds and developing immune
systems (Meerow et al., 2016). Equity surfaces in many of these frameworks,
yet typically as a constraint to be acknowledged rather than a criterion to drive
design (Shi et al., 2015; Shi et al., 2016). Child-focused practitioners are left
without engineering guidance, and engineers without child-centered standards.
The CCCAI framework, introduced in the next section, addresses both by
translating the justice principles established above into design criteria that can

425



Climate Justice for Children: Impacts of Climate Change and Solutions

actually be specified, measured, and enforced.

3. The Child-Centered Climate Adaptation Infrastructure
(CCCAI) Framework

The Child-Centered Climate Adaptation Infrastructure (CCCAI) framework
responds to persistent gaps in prevailing adaptation approaches by repositioning
children as central reference points in infrastructure planning and engineering
decision-making. Rather than treating children as a single vulnerable group
among many, CCCAI recognizes their health, rights, and everyday experiences
as foundational parameters that shape how climate-resilient infrastructure is
conceived, designed, and governed. Accordingly, the framework moves beyond
programmatic or policy-oriented child-sensitive approaches and embeds child-
centered principles directly within the technical logic of adaptation practice.
Table 3 situates CCCAI in relation to the two dominant framework types,
namely child-sensitive adaptation approaches and climate-resilient infrastructure
frameworks, across six dimensions, and clearly delineates the points at which

and the ways in which CCCAI diverges from each.

Table 3.
Key Distinctions of CCCAI Positioned Against Existing Adaptation Approaches

Child-sensitive Climate-resilient
Dimension adaptation (e.g., infrastructure CCCAI (this
Back et al., 2009; frameworks (e.g. framework)
Treichel, 2020) Meerow et al., 2016)
Primary Child welfare & Tec? nical & Children's rights,
orientation participation performance ¢ health & participation
hazard reduction
Role of equity iI;?l(;Z;éiveh rarely Secondary constraint Xﬂ;iigﬁiw_welghted
i;%ligzrtﬁis Programmatic focus Flood & energy focus g:rlllctsg:aﬁc
Sectoral (WASH, .
Jucation. di Sectoral or thematic C |
Scope education, disaster (urban resilience ross-sectoral
risk reduction ’ environment
[DRR]) WASH, energy)
Child Symbolic Age-differentiated
participation  involvement Not addressed co-design
Climate justice Distributive,
oundin Implicit framing ~ Absent or incidental ~procedural,
& & recognitional
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As Table 3 indicates, the most fundamental distinction concerns the manner
in which each approach engages with equity and engineering specifications, as
existing frameworks tend either to frame equity in rhetorical terms without
embedding it in design processes or to prioritize technical considerations.
CCCAI addresses both gaps by integrating justice principles directly into
engineering criteria.

With this positioning established, it is worth clarifying the intellectual roots
and structural logic of the framework. CCCAI builds on established international
frameworks while extending their scope and application. Its conceptual
foundation draws on the Climate-Resilient WASH framework advanced by
UNICEF and the Global Water Partnership (GWP), which demonstrates the
importance of integrating vulnerability assessment, infrastructure adaptation,
and behavioral dimensions within essential services (UNICEF & GWP,
2017). However, children’s climate exposure is not confined to water and
sanitation systems. It is experienced primarily through schools, playgrounds,
streets, and neighborhoods that structure daily routines and cumulative risk.
CCCALI therefore expands this sectoral logic to the broader built environment,
empbhasizing that effective climate protection for children must extend beyond
isolated service systems (Rosenzweig et al., 2018; Flax et al., 2020). Grounded in
interdisciplinary insights from climate adaptation, environmental engineering,
public health, child development, environmental justice, and human rights
studies, the framework translates normative justice principles into operational
guidance for practitioners. As illustrated in Figure 2, CCCAI is organized around
four interrelated pillars that operationalize the core dimensions of climate justice,
distribution, recognition, and participation, within infrastructure decision-
making. Together, these pillars guide where investments are prioritized, which
health outcomes infrastructure must safeguard, which everyday environments
require intervention, and how children and communities participate in shaping
decisions.

Schools are among the primary environments where children spend time
outside the home, and for many, they structure a substantial part of the day.
Because of this, the physical conditions of these environments, thermal, spatial,
and material, play a direct role in shaping children’s daily climate exposure, often
in ways that are more immediate than policy-level decisions. What this looks
like in practice becomes clearer at the site level. Table 1 illustrates how unequal
investment is reflected in school environments. Schoolyards serving low-income
communities tend to have noticeably lower vegetation cover than those in more
affluent areas, a difference that is not only visual but also measurable in surface
temperature and thermal stress during heat events (van Velzen & Helbich, 2023;
Gallez et al., 2024). As shown in Figure 1, central municipalities display reduced
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vegetation cover, which spatially coincides with lower socio-economic status and
higher shares of Global South immigrant populations (Observatory of Health
and Social Affairs of Brussels-Capital, 2020). This spatial alignment indicates
that disparities in children’s thermal exposure are structurally produced rather
than incidental, underscoring the need to embed equity-weighted design and
investment criteria within the CCCAI framework.

Figure 1.

Spatial distribution of vegetation cover and its overlap with socio-economic
disadvantage across central municipalities of the Brussels-Capital Region (Gallez
et al., 2024)
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These thermal disparities are not merely the result of unequal tree cover,
where the surface materials themselves play a decisive role. Material choices
further intensify these conditions. Asphalt and synthetic turf absorb solar
radiation and release it back into the surrounding environment, sometimes
raising surface temperatures several degrees above ambient city levels. This effect
is rarely momentary; rather, it builds up over time, particularly during prolonged
heat exposure. At the same time, relatively modest interventions can alter these
dynamics. Strategic greening and targeted shade provision do not eliminate
heat exposure entirely, but they can significantly reduce its intensity. Within
the CCCAI framework, such decisions are therefore approached not only as
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matters of design, but as choices that influence how climate risks are distributed
across different groups (Namazi et al., 2024). CCCALI also recognizes schools
as neighborhood infrastructure whose design shapes community-level heat
exposure, not just student experience. Research points to a recurring pattern
in school adaptation. The barriers are institutional more often than they are
technical, rooted in fragmented administrative responsibilities, rigid procurement
rules, and unclear maintenance obligations (Alméstar & Romero-Munoz, 2025).
Vulnerability-weighted investment criteria address this by making the case for
prioritization explicit and auditable, directing resources toward schools with
the highest climate exposure, the most significant infrastructure gaps, and the
longest histories of underinvestment, as heat-vulnerability mapping programs
in several cities have demonstrated (C40 Cities, 2021).

Figure 2.
The Child-Centered Climate Adaptation Infrastructure (CCCAI) Framework
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The second pillar frames health protection as a primary design objective
rather than something addressed after implementation. In practice, children do
not arrive at school under neutral conditions. Many already carry cumulative
exposures from overnight heat, outdoor air quality, and water sources, and the
school environment can either intensify or partially reduce that burden over
the course of the day. Evidence from classroom settings indicates that sustained
exposure to elevated temperatures and particulate matter affects cognitive
performance. Attention tends to decline, memory processes weaken, and
differences in learning outcomes between schools with higher- and lower-quality
built environments become more pronounced (Sahni et al., 2025). These effects
are not isolated; they build up over time and are closely tied to environmental
conditions within learning spaces. Respiratory impacts follow a similar pattern.
Developing lungs do not respond in the same way as adult lungs, which means
that even moderate concentrations of pollutants can contribute to increased
asthma prevalence and longer-term impairment (Shima, 2025). In this sense,
the school environment operates not only as a place of education but also as a
continuously functioning health-relevant space (Naidoo et al., 2025).

This accumulated burden has implications for how school buildings should
be conceived in design terms. Seen from this perspective, school buildings can
be understood as part of everyday health infrastructure rather than facilities
that become relevant only during crises. This shift has direct implications for
how design specifications are formulated. Current standards frequently rely on
thresholds derived from adult physiology, particularly in relation to heat stress.
However, children tend to reach critical limits at lower WBGT levels than those
embedded in existing engineering codes (Azan et al., 2025; Lu et al., 2025).
Applying adult-based benchmarks in school design is therefore not simply
a neutral technical decision; it reflects underlying assumptions about whose
physiological limits are being prioritized. Introducing child-specific thresholds
into design standards alters this framing. It makes previously overlooked
differences more visible and aligns infrastructure practice more closely with
the conditions under which children actually experience environmental stress.

Children’s lives are not confined to classroom walls. The schoolyard,
the route to school, the playground, and the street outside all accumulate
climate exposures across each day, and their design quality varies sharply by
neighborhood income. The third pillar addresses this broader geography of
everyday risk. Green schoolyards are among the most studied interventions
in this space, and the evidence base is now substantial. With the right layout
and species selection, they can simultaneously reduce surface temperatures,
support biodiversity, improve air quality, and give children daily contact with
natural environments that benefit cognitive functioning and mental health (van
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Zyl et al., 2022; Clauzel et al., 2025). The configuration matters. Three-sided
greening with tree-grass combinations aligned to prevailing winds outperforms
ad hoc planting in thermal comfort terms, and wind direction should inform
layout decisions from the earliest design stage (Xie et al., 2025). Integrating
vegetation into the school building envelope itself also yields measurable gains.
Simulations of Chennai government school buildings demonstrate that tree
presence combined with optimized window-to-wall ratios significantly improves
indoor daylighting performance and visual comfort for students (Jayaram &
Sundaram, 2025). In humid tropical contexts, incorporating roof overhangs
of at least 1,500 mm alongside white reflective roof surfaces reduces solar gain
in classrooms while maintaining adequate natural light (Alwi et al., 2022). A
life-cycle cost-benefit analysis of ten green roof and green wall scenarios in two
Lisbon primary schools found all scenarios economically feasible, with benefit-
cost ratios ranging from 3.01 to 34.99 over a 40-50 year period, accounting
for infrastructure, user, and environmental co-benefits including stormwater
management and biodiversity (Almeida et al., 2020). Exposure to nature-
integrated environments has also been consistently associated with improved
cognitive functioning and psychological well-being, reinforcing the relevance of
biophilic design principles in children’s everyday spaces (Browning & Determan,
2024). Alongside these interventions, passive design strategies such as shading,
ventilation, orientation, and reflective materials remain essential for reducing
heat exposure within school buildings, while nature-based measures strengthen
thermal regulation, air quality, and social cohesion (Meron & Meir, 2017).

Participatory governance underpins the fourth pillar, emphasizing inclusion,
accountability, and shared decision-making. Beyond their documented
vulnerabilities, children can act as active agents of climate adaptation when
provided with meaningful participatory opportunities. Participatory action
research demonstrates that youth-led initiatives enhance environmental
awareness, collective efficacy, and engagement with local decision-making
processes (Trott, 2019). Child-centered adaptation is further strengthened when
children’s situated knowledge is recognized alongside technical expertise (El
Hokayem et al., 2025). In contrast, expert-led planning processes frequently
marginalize children’s everyday experiences, reproducing inequalities in access
to and use of public space (Alméstar & Romero-Mufioz, 2025). Age-appropriate
participation mechanisms accommodate developmental differences while
upholding children’s rights to influence decisions affecting their lives. Younger
children commonly engage in environmental audits, drawings, and play-based
consultations; children in middle childhood in participatory mapping and

design charrettes; and adolescents in youth councils, participatory budgeting,
and collaborative design roles (Malone, 2013; Hickman et al., 2021).
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Yet engagement alone is insufficient without institutional structures
that convert participation into binding commitments. To move beyond
symbolic inclusion, participatory governance must incorporate rights-based
accountability mechanisms, including child impact assessments, transparent
reporting, accessible grievance procedures, and monitoring frameworks tracking
implementation against equity objectives. Multi-stakeholder governance
arrangements further support coordination across fragmented sectors such as
education, health, infrastructure, and emergency management through inter-
agency structures authorized to influence budgets and policy priorities (Bulkeley
et al., 2013). Table 4 shows these four pillars as nine child-centered design
criteria with measurable performance indicators, providing the operational
bridge between the justice principles established in Section 2 and the engineering
specifications applied in Section 4.

Table 4.

Child-Centered Design Criteria and Measurable Performance Indicators by CCCAI
Pillar

Child-centered ~ Measurable performance

CCCAI Pillar . L. . 1 References
design criterion  indicator
Azan et al.
Pillar 1: (2025);
Climate- O;Jtdo((l)rrti}éermal WBGT <24-26°C in International
resilient ;t(fcti}c’tra?e pl%ysical schoolyards during physical ~Organization
Physmal activity activity hours for o
infrastructure Standardization
(ISO, 2017)
In.do'or operative temperature py
within comfort zone without cal. (2021):
Passive thermal mechanical cooling for Eoii'ri er ’
Pillar 1 performance of 290% of school hours; Gonzéglezz&
school buildings ~ heating demand reduction Barbero.Barrer
230% through passive (2a02§)o attera
retrofit
— o -
Equity in green Minimum 25 /;1 velgetaél.on van Velzen
space provision COVERAE per schoolyard; & Helbich
Pillar 1 . gap between highest- and ’
across income . (2023); Gallez
lowest-income schools <10
groups . etal. (2024)
percentage points
Pillar 2: Safe indoor PM2.5 <10 pg/m? (annual ~ World Health
Environmental air quality in mean); CO, <1,000 ppm  Organization
health classrooms during occupied hours (2021)
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All three basic WASH

services are present; toilet:

Cronk et al.
(2021); Sharma
et al. (2024);

Pillar 2 WiSIl-Itse;fwce pupil ratio <1:25; dedicated World Health
completeness MHM facility in every Organization
school & UNICEF
(2023)
UNICEF &
Global Water
Water supply maintained Partnership
. during flood and drought (2017);

Pillar 2 Fl;(;(ri—sresﬂllent events; borehole platform International
W ntin Ulft’P y >0.5 m above seasonal flood Water and
continity line; storage capacity for Sanitation

>14-day dry period Centre & Water
For People
(2021)
. ) Shaded walking routes 250%
Pillar 3: Safe access routes  of total distance; vehicle Wang et al.
Everyday (2025); van Zyl
. to school speed <30 km/h on school
environments et al. (2022)
routes
Child participation .
: Committee

Pillar 4; Meaningful child ~ documented in 2l formal =o'y pigpeg

Participatory  participation in planning stage; child impact of the Child

overnance planning assessment completed (2023); Malone

& before any major school ’

. (2013)
infrastructure change
Share of adaptation

Equitv-weichted budget directed to highest- ~ Shi et al.

Pillar 4 inqu Eymwlftg ¢ vulnerability schools (2015); Shi et

a4 all‘(/) ecsatioen >proportional to population al. (2016); C40

share; tracked and reported
annually

Cities (2021)

The nine criteria presented in Table 4 provide a concrete operationalization
of the justice principles outlined in Section 2. Equity-weighted investment
allocation and WASH service completeness targets represent the material
expression of distributive justice by directing resources toward children
facing the highest levels of exposure. Child-specific WBGT and air quality
thresholds address recognition justice by correcting the longstanding reliance
on adult-derived comfort standards, which have overlooked children’s distinct

physiological characteristics in infrastructure design. Child impact assessments
and participation requirements establish an institutional basis for procedural
justice, extending beyond normative commitments toward actionable governance
mechanisms. Taken together, all four pillars of the CCCAI framework are
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systematically represented, making explicit the linkage between justice principles
and measurable engineering targets. The cases discussed in Section 4 illustrate
how these criteria can be implemented in practice. The nine criteria also span
all four pillars and translate Schlosberg’s tripartite framework from normative
principle into engineering practice. The following section demonstrates how
these criteria apply across diverse real-world contexts.

4. Engineering Applications and Case Studies

The climate justice framework developed in Section 2 and operationalized
through the four CCCALI pillars in Section 3 must ultimately translate into
tangible infrastructure decisions. The practical relevance of the CCCAI
framework becomes visible through a set of analytically selected cases that show
how its pillars translate into concrete interventions across diverse socioeconomic
and climatic contexts, and how the justice principles of distribution,
recognition, and participation shape each design choice. Rather than aiming
for geographic representativeness, the cases were chosen to highlight specific
principles in practice, provide empirical insight into implementation pathways,
and generate lessons transferable across contexts. Together, they span heat-
resilient educational buildings in both high-income and low-income settings,
passive retrofit strategies across multiple climate zones, equitable urban cooling
systems, green schoolyard transformations, climate-resilient water and sanitation
infrastructure, menstrual hygiene management (MHM) in low-income school
settings, and safe everyday routes. Table 5, at the close of this section, provides
a comparative overview of eighteen cases drawn from Africa, Asia, Europe, and
Latin America. The cases collectively illustrate how child-centered adaptation
operates across multiple infrastructure types, and how the gap between current
conditions and the performance indicators established in Table 4 translates into
specific engineering specifications.

In tropical and subtropical regions, schools are increasingly exposed to
severe thermal stress, with direct consequences for student health and learning.
Field-based evidence from Indian primary schools illustrates the severity of the
problem in low-income contexts: indoor temperatures in naturally ventilated
classrooms frequently reach 28.7-35.2°C during peak summer periods, placing
over 95% of observed conditions within “extreme caution” heat risk levels
(Lala et al., 2022). As illustrated in Figure 3, these environments are typically
characterized by uninsulated concrete structures and limited ventilation capacity,
conditions that facilitate substantial indoor heat accumulation.
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Figure 3.

(A) Field observations of primary school environments in India, showing naturally
ventilated classrooms with limited thermal control capacity. (B) Indoor air
temperature distributions in winter and summer demonstrate that classroom
conditions frequently fall outside established thermal comfort ranges. (C) Heat
index distribution during the summer survey period, with the vast majority of
conditions classified within ‘extreme caution” levels, indicating substantial heat
exposure risk for students (Lala et al., 2022)

B s 25T

A)
(B)
05
| 100
g Zo3gs £
L IS I g 010 B
g 22 EXTIEE a §
é 0.2 i8 E L 3
i 0.05 20
" 0.1 95.3%
2.5% Extreme 2.2%
0 Caution caution Danger 0

0 B 0 | .
113 15 17 19 21 23 25 24 2% 28 W 2 M B
Air temperature [°C) Air temporature [*C) 80 85 90 95 100 105 110

Heat index (°F)

The safe WBGT threshold is 26°C for moderate physical activity (Bharti et
al., 2025; Azan et al., 2025). A global systematic review of 537 studies across
42 countries identified 24 passive intervention strategies (natural ventilation,
green roofs, shading devices, and high-performance glazing), as illustrated in
Figure 4, as the primary toolkit for reducing children’s thermal exposure (Diaz-
Lépez etal., 2022a), while a companion Mediterranean analysis confirmed that
combined ventilation and shading achieves the strongest warm-season outcomes
(Diaz-Lépez et al., 2022b).
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Figure 4.
Passive design strategies (Es-sakali et al., 2025)
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The effectiveness of each intervention, however, depends heavily on the
climatic context in which it is deployed. The quantified performance of these
strategies varies by climate zone, as Table 5 documents in detail. In humid
tropical climates (Malaysia, Brazil), reflective roof surfaces and high-emissivity
coatings substantially reduce solar gain and cooling demand (Alwi, 2022; de
Azevedo Correia et al., 2024). In hot arid climates, passive cooling through solar
chimneys and earth ducts can maintain comfortable indoor conditions without
mechanical systems (Monna et al., 2019). In temperate and Mediterranean
contexts, passive retrofit (ETICS, window upgrades, thermal mass enhancement)
achieves heating demand reductions of 17-77%, though 2050 climate projections
consistently indicate rising cooling loads that passive measures alone will not
address (Rodriguez-Gonzilez & Barbero-Barrera, 2025; Heracleous et al., 2021;
Kaczmarek, 2025). In cool climates, night-time hybrid ventilation reduces the
risk of overheating by 3-5°C under late-century projections (Tavakoli et al.,
2026), while London’s school stock faces critical overheating under 2050 and
2080 scenarios without upgrades to nZEB standards (Schwartz et al., 2024).
Passive strategies (shading, ventilation, orientation, and reflective materials) thus
remain non-negotiable first-line interventions across all climate zones, but must
be complemented by mechanical cooling where physiological thresholds cannot
otherwise be met. Children’s thermal comfort thresholds differ fundamentally
from those of adults, reinforcing the need for child-specific performance criteria
rather than adult-derived standards (Teli, 2025).
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Barcelona’s Climate Shelter Network shows what vulnerability-weighted
investment looks like when it is institutionally embedded. The city developed
a Heat Vulnerability Index combining climate exposure data, demographic
characteristics, and building stock information to rank neighborhoods by thermal
risk, then used those rankings to direct shelter investments toward the areas that
scored highest rather than those with the best-connected advocacy (Sanz-Mas
et al., 2024). Schools were central to the strategy, operating simultaneously
as educational facilities and as publicly accessible cooling refuges during heat
episodes, which required inter-agency coordination across municipal health,
education, and infrastructure departments backed by committees with actual
budget authority. Follow-up monitoring found fewer heat-related emergency
visits in covered neighborhoods compared to those still waiting for shelter
installation (Sanz-Mas et al., 2025). Two complications emerged that deserve
attention here. Utilization remained below projections in some areas, pointing
to behavioral and informational barriers that technical design alone could not
resolve. And in neighborhoods where shelter investment coincided with broader
urban upgrading, property values rose, raising the concern that adaptation
benefits accrued to incoming residents rather than the original, more vulnerable
population. Neither issue undermines the Barcelona model, but both indicate
that cooling infrastructure requires companion policies on housing tenure and
community communication to ensure benefits reach those who need them.

Green schoolyard transformations illustrate the potential of multifunctional
climate infrastructure that simultaneously supports thermal mitigation,
ecological connectivity, and health promotion. Field studies indicate that
three-sided greening layouts combined with tree—grass configurations offer
particularly effective cooling, with vegetation placement aligned with prevailing
winds producing the strongest thermal comfort benefits (Xie et al., 2025).
Health benefits extend well beyond thermal comfort. Large-scale prospective
studies link school-based greenness to improved visual acuity, slower vision
deterioration, and reduced risk of visual impairment through pathways such
as reduced air pollution, increased physical activity, and lower screen exposure
(Bao et al., 2024). Biophilic design strategies that integrate natural elements
have been associated with reduced student stress, improved mood and attention,
stronger academic performance, fewer behavioral referrals, improved teacher
retention, and lower absenteeism (Browning & Determan, 2024). Evidence
from European cities further demonstrates that greened schoolyards can enhance
urban ecological connectivity while simultaneously improving thermal comfort
and supporting biodiversity (Clauzel et al., 2025).

Participatory governance is not a procedural nicety in this framework; it
is what keeps adaptation from drifting back toward the interests of the most
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organized rather than the most exposed. Children bring knowledge about how
spaces actually feel and function, where it is too hot to play, which routes feel
unsafe, which water points are too far to reach by midday, and that professional
assessments conducted from outside the community rarely capture (El Hokayem
et al., 2025). Schoolyards are productive sites for this kind of co-production:
when students, teachers, families, and community members are engaged in
design decisions from the beginning, both the physical outcomes and the sense
of shared ownership tend to be more durable. Maintenance is where many
otherwise well-designed interventions fail, and community investment in
the design process is one of the more reliable predictors of whether a green
schoolyard or water system is still functioning three years after installation.
Native drought-tolerant species, curriculum components that build student
stewardship, and clear maintenance agreements with named responsible parties
all contribute to this long-term resilience.

Climate-resilient WASH infrastructure plays a critical role in protecting
children from disproportionate disease burdens and maintaining service
continuity during extreme climate events. Cumulative heat exposure in early
childhood increases both chronic and acute malnutrition (Blom et al., 2022),
while flooding, drought, and contamination systematically undermine WASH
systems that are not designed for climate extremes (Otorkpa et al., 2024). As
Tables 1 and 5 document, the gap between existing conditions and child-
protective targets is acute: only 4% of rural schools across 14 LMICs have
all three basic WASH services simultaneously (Cronk et al., 2021), and full
WASH coverage in sub-Saharan African schools ranges from 1% in Ethiopia
and Mozambique to 23% in Rwanda (Morgan et al., 2017). A systematic
review of 83 experimental WASH programs across 33 countries confirms that
closing this gap generates consistent reductions in parasitic infections, improved
anthropometric outcomes, and lower absenteeism (Bick et al., 2025).

Translating this evidence into practice requires engineering specifications
that are explicitly designed for climatic extremes. Climate-resilient WASH design
must maintain service functionality across both flood and drought extremes.
The critical engineering measures are concrete and replicable. These include
elevating borehole platforms above the seasonal flood line and installing solar-
powered water towers with gravity-fed distribution to ensure continuity during
power outages. They also involve the construction of watertight and elevated
sanitation structures, alongside the implementation of water safety plans.
These plans typically combine vulnerability assessments with infrastructure
adaptation measures and, in many cases, community-level behavioral change
processes (UNICEF & GWD, 2017). Project WISE ran across 60 schools in
Addis Ababa; the combination of water filtration and handwashing stations cut
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respiratory illness by 16%, well beyond what waterborne disease prevention
alone would predict (Bick et al., 2024). A rural India project took a different
route: child-centered co-design of sanitation and greywater recovery systems,
with communities involved from the planning stage, produced infrastructure
that communities were still using and maintaining years later (Ellis & Karippal,
2022). MHM facilities are often the first line item cut when budgets tighten.
The cost of that decision is borne by adolescent girls, who miss roughly three
school days per month when facilities are absent (Sharma et al., 2024). Flood-
prone districts where specifications were built for climatic extremes rather than
average conditions showed sustained reductions in diarrhoeal disease across
multiple subsequent flood events (UNICEF & GWD, 2017).

Across the eighteen cases, three patterns repeat regardless of climate zone
or income level. First, where adaptation produced equitable results, equity
criteria were operational rather than aspirational. Child-specific WBGT limits
and WASH service completeness benchmarks (Table 4) gave practitioners a
concrete reference that displaced adult-centered default assumptions. The
commitment was to direct resources toward the most exposed schools, not the
most accessible ones. Second, passive design interventions, such as insulation,
shading, ventilation, and reflective surfaces, do not translate automatically across
climate zones. Projects that proceeded as if they did produced cooling systems
mismatched to local conditions, or heating solutions that became liabilities as
warming projections arrived (Rodriguez-Gonzilez & Barbero-Barrera, 2025;
Dervishi & Bagi, 2023; Heracleous et al., 2021). WASH systems showed the
same problem: designed for average rainfall, they failed during floods; designed
without storage, they failed during droughts. MHM facilities were cut as non-

essential, at a cost of roughly three lost school days per month per girl (Sharma
et al., 2024; Radebe et al., 2025).

Beyond technical and equity criteria, a third pattern points to the importance
of how adaptation processes are conducted. Third, process matters more than
most engineering frameworks acknowledge. Where co-design ran from site
selection through to maintenance planning, the infrastructure that resulted
was better matched to local conditions and lasted longer (Ellis & Karippal,
2022; van Zyl et al., 2022). Involving children and communities is not a box
to tick before construction begins. The knowledge they hold about how a
space actually functions, which paths are too hot by midday, which taps are
unreachable, which latrines girls will not use, rarely appears in professional site
assessments. And adaptation investments that drove up property values without
tenure protections or community land arrangements sometimes moved the most
vulnerable residents out of the neighborhoods that had just been improved. That
pattern, and what governance can do about it, is the subject of the next section.
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Table 5.
Comparative Summary of CCCAI Engineering Applications
Cases C.CCAI Key engineering Outcome Implementation
Pillar challenge
Indoor temperatures
. I were frequently Fragmented
Passive ventilation, .o

. . . observed to exceed institutional

Delhi public . reflective roof N . s
- Pillars 1 . . 35°C, with limited responsibilities and

schools, India &2 coatings, shading heatr N rsistent maintenan
(LIC) strategies, and WBGT catresponse persiste amtenance

<26°C standard

protocols and

gaps (Bharti et al.,

Humid tropical
schools, Brazil Pillar 1

emissivity coatings
and climate-specific

insufficient WASH 2025)
access
Cooling cnergy High cost of specialist

demand decreased
noticeably, alongside

materials and the need
for climate-specific
design specifications

(LMIC) thermochromic iﬁg;ﬁ;zﬁii ;? (de Azevedo Correia et
al., 2024)
SE Europe Optimization of Constraints related
schools: P building form, Annual energy to legacy building
Albania orientation, and demand reductions  stock, administrative
Croati ’ Pillar 1 of up to 35.4% barriers, and differing
Bo(;ziaa’ Greece combined with passive were recorded across  national standards
(LMI C_HI %) retrofit to nZEB multiple locations (Dervishi & Bagi,
2023)
Long-term warming
ETICS spplication. 3 3t S0 o e wihou
Madrid window upgrades, & Y passive gains w

schools, Spain Pillar 1
(HIC)

and shading strategies
modeled under 2050
climate scenarios

(30-77%), although
projected cooling
demand is expected to
increase

complementary
cooling strategies
(Rodriguez-Gonzdlez
& Barbero-Barrera,
2025)

Cyprus public

schools (HIC) Pillar 1

Integration of thermal
mass, shading devices,
and passive cooling

Energy use reductions
ranging between

17% and 29% were
observed under future
climate projections

Retrofit costs,

user behavior, and
uncertainty in long-
term projections
(Heracleous et al.,
2021)

Rural schools, ..
Morocco (LIC) Pillar 1

Bio-based insulation
materials (e.g., straw,
hemp), green roofs,
and climate-optimized

Energy efficiency
improvements
between 18.6% and
35.6% were achieved,
with near net-zero
performance in some
cases

Limited supply chains
for bio-based materials
and maintenance
challenges for green
roofs (Es-sakali et al.,

2025)
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Barcelona

Climate ShelterPillars 1
Network, & 4
Spain (HIC)

Heat Vulnerability
Index combined
with school-based
cooling centers and
coordinated inter-
agency investment

A reduction in heat-
related emergency
visits was observed in
neighborhoods served
by the program

Barriers to use,
gentrification risks,
and the need for
complementary anti-
displacement policies
(Sanz-Mas et al.,

2024; 2025)
Humid tropical Roof overhangs fo(iar h;af gi:ilir:lwils Lack of formal
sclLllools opica (21,500 mm), i; urcoe e, dfii doogr 0 inclusion in national
Mala si,a Pillar 1 reflective surfaces, and theI; le conditions standards and ongoing
Y passive solar control . . maintenance needs
(LMIC) . with relatively low .
strategies ional (Alwi et al., 2022)
operational costs
Simulation results Constraints related to
Passive cooling indicate that conflict conditions,
Arid schools, Pillar 1 through solar acceptable indoor skilled labor
Palestine (LIC)" %" chimneys and earth  comfort levels can availability, and system

ducts

be achieved without
mechanical cooling

integration (Monna et
al., 2019)

Low-energy
schools, IrelandPillar 1
(HIC)

Night-time hybrid

ventilation,

Indoor temperatures

decreased by 3-5°C

mechanical purge, and under long-term
cross-ventilation tested projections, reducing

under future scenarios

overheating risks

Tensions between
airtight construction
and ventilation
needs, along with
user behavior factors

(Tavakoli et al., 2026)

London school

Large-scale
overheating

modeling, nZEB

Significant overheating

risks were identified

High retrofit costs,
funding limitations,

building stock, géﬂzars ! retrofit pathways, unéiezrotél 5 2050 . and heritage-related
UK (HIC) and combined j;ztho . ms;zr;arlos constraints (Schwartz
passive-active cooling . 3 ) etal., 2024)
strategies upgrades
Surface temperatures  Long-term
Greened Three-sided declined, while maintenance
schoolyards, greening, tree—grass Edﬂlté?niai luded (riequlézmncnts ind
Amsterdam, Pillar 3 combinations, cnehits include cpendence o

and European

cities (HIC)

and wind-oriented
planting strategies

biodiversity gains
and improvements
in cognition and
attendance

sustained community
involvement (Xie et
al., 2025; Clauzel et
al., 2025)

Greened
schoolyards,
low-income
Global South
contexts (LIC/
LMIC)

Pillar 3

Existing conditions
dominated by asphalt
surfaces with minimal
vegetation and limited

shading

Persistent thermal
disparities compared
to higher-income
areas, alongside high
exposure to unsafe air
quality levels

Structural
underinvestment
and absence of
vulnerability-based
funding mechanisms
(Schell et al., 2020;
Gallez et al., 2024)
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Higher
Elevated boreholes, ~ Water services implementation costs
School WASH’Pillars ) solar-powered water  remained functional  and limited long-term
Bangladesh & &3 systems, and climate-  during floods, with  maintenance capacity
Ethiopia (LIC) resilient sanitation associated reductions (UNICEF & GWDP,
infrastructure in disease incidence ~ 2017; Bick et al.,
2024)
Lack of such facilities Social stiema
Nebal schools: Installation of private, results in significant insuﬂ-]cic%l ¢ trainin
. E crual " Pillars 2 lockable MHM school absenteeism nd maintenan &
h cns ua(lLIC) & 4 facilities with water ~ among girls, often ah I a e(si Cfn .
ygiene and waste systems exceeding three days €% SIeC Wnarma e
al., 2024)
per month
W | Laﬁgelportiol?s of
. ater supply schools remain ..
S:ﬁlot ill?fnca improvements and dependent on ggg?:;;ﬁﬁ?:ﬁ;ﬁurc
’ . DPillar 2 replacement of pit inadequate sanitation L .
WASH deficit latrines with safer rems. with municipal capacity
(LIC) acrines with safe Systerns, w (Radebe et al., 2025)
systems insufficient water
access ratios
School WASH Establishment of ?cho.ols rt;lcelvmg fS_us?lnabllgy Of. bili
. ” . f unding showed unding and variability
maintenance, DPillars 2 maintenance funds . Facili in local
Indonesia & 4 and community-based improved facility tn focal governance
(LMIC) overnance structures conditions compared  capacity (Karon et al.,
8 to baseline levels 2017)
Long-term

Time-intensive

Child-centered co- functionality . .

Rural school . . o . implementation and
R Pillars 2 design of sanitation ~ and maintenance . .
sanitation, & 4 and greywater systems outcomes improved challenges in scaling

India (LIC) <8 . . (Ellis & Karippal,

using local materials  through community 2022)

ownership

Shaded pedestrian Based on safety Ihmp le([;lljntatlonlls
Child-friendly routes combined scoring, priority iejrg ien cgncd(;g?nixas
school routes, . with traffic calming  interventions were L

. Pillar 3 . . . well as coordination

Chonggqing, measures and child-  identified across hallences between
China (LMIC) centered safety different parts of the chafienges betwee

multiple agencies
(Wang et al., 2025)

Table 5 brings together the engineering interventions, observed outcomes,
and implementation challenges across the eighteen cases. These cases span a
wide range of income levels, climate zones, and all four CCCAI pillars, from
arid to humid-tropical and cool-temperate settings. When considered together,
the cases indicate that the framework can be applied in practice. In many
instances, equity, health, everyday environments, and participation function
as actual design criteria rather than remaining at the level of rhetoric. At the
same time, points of breakdown become visible. The most persistent barriers
tend to be institutional and financial, split responsibilities between departments
that rarely coordinate, maintenance budgets that are exhausted early on, and
engineering codes that lack child-specific standards.

assessments route network
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5. Governance, Policy, and Implementation

Good design is clearly necessary, but it is not sufficient on its own. The
justice dimensions embedded in the CCCAI framework depend just as much on
institutional conditions, including who controls budgets, how sectors coordinate,
and whether accountability structures are in place to track what is actually
built and maintained. As outlined in Section 4, many of the most persistent
implementation barriers are institutional rather than technical. This section,
therefore, focuses on the conditions required to address these challenges. It
looks, in particular, at how governance arrangements can incorporate children’s
perspectives, how policy can extend across sectoral boundaries, and how
broader political and economic dynamics shape whether adaptation investments
ultimately reach the communities most in need.

Children’s participation in planning too often stops at consultation, with
surveys administered and reports filed while fundamental design decisions
remain elsewhere. What CCCAI requires is different: structural integration,
in which children’s knowledge shapes specifications, not merely informs them.
This means building on the age-differentiated mechanisms set out in Section 3
while also addressing a more complex challenge, as participation processes that
lack deliberate inclusivity tend to reproduce the very inequalities they claim to
address, amplifying the voices of already-advantaged groups. Reaching children in
the most climate-exposed settings requires targeted outreach, accessible formats,
and skilled facilitation. Community co-design, where residents contribute local
knowledge of microclimatic conditions, flooding patterns, and cultural practices
from the earliest planning stages, is not peripheral to this process but central to
it (Bulkeley et al., 2013). Inter-agency governance structures can then translate
this community input into budget decisions, coordinating across education,
health, and infrastructure ministries that otherwise operate in isolation.

Child-centered adaptation requires policy instruments that move across
sectoral boundaries rather than reinforcing them. In practice, this often begins
with child-specific vulnerability assessments. By examining climate exposure
together with infrastructure gaps, disaggregated by age, gender, location, and
income, these assessments can provide planners and budget authorities with a
shared basis for deciding where to act first (UNICEF Innocenti, 2025). From
this point, priorities can be carried into implementation through instruments
such as school siting policies, building codes, and retrofit financing. Urban
planning tools, including vulnerability mapping and enhanced protection
standards for schools and childcare facilities, extend these considerations beyond
individual sites to the wider neighborhood environments where children spend
much of their time (Shi & Moser, 2021).
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Many of these instruments already exist. What is less consistent is
their application. In many cases, the limiting factors are political will and
the absence of accountability mechanisms that ensure commitments are
followed through. Efforts toward child-centered adaptation often encounter
established institutional dynamics, property markets, procurement systems,
and administrative routines that tend to favor conventional designs and
established actors over equity-oriented investment. Within this context, civil
society engagement and rights-based accountability mechanisms become
particularly important. Rather than functioning as supplementary elements,
they can play a central role in preventing elite capture and maintaining a focus
on vulnerable populations. At the same time, capacity constraints continue to
shape outcomes. Practitioners who are unfamiliar with pediatric vulnerability
thresholds, participatory approaches, or equity-based assessment frameworks
may struggle to apply CCCAI principles, even where institutional conditions
are supportive. Addressing this gap requires both professional education and
ongoing training that treats child-centered adaptation as a core competency
rather than a specialized domain (Sovacool et al., 2015).

Even where institutional conditions are supportive and practitioners well-
equipped, the unintended consequences of adaptation investment demand
careful attention. The risk of maladaptation also deserves careful consideration.
Interventions such as urban greening and cooling frequently increase property
values. Without accompanying measures, such as tenant protections, affordable
housing provisions, or community land trusts, these changes can contribute
to displacement, affecting the very communities most exposed to climate risks
(Anguelovski et al., 2018). Whether these approaches translate into material
change depends, in large part, on financing. Mechanisms such as carbon pricing
or fossil fuel levies can generate dedicated adaptation funding, but only if paired
with transparent allocation rules that prioritize the most vulnerable facilities
rather than the most visible ones. At the municipal level, climate budgeting
practices, including budget tagging, participatory allocation processes, and
multi-year capital planning, offer a practical way to integrate adaptation into
routine decision-making, particularly where national funding remains limited.

International climate finance carries a specific responsibility in this regard.
Communities facing the highest levels of climate risk often have the least
capacity to finance their own protection, which makes redistribution a central
design requirement rather than a secondary consideration. Core infrastructure,
such as schools, water systems, and sanitation, should therefore remain publicly
financed, ensuring that investment decisions are guided by equity rather than
ability to pay. Recent bibliometric analysis further highlights an important gap.
While there is a growing trend toward integrating renewable energy, passive
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design, and low-carbon operations into school infrastructure, issues related
to child health, equity, and participation remain relatively underexplored
(Abulibdeh, 2024). This gap has practical consequences. A school that achieves
zero-carbon performance but fails to meet pediatric WBGT thresholds or
provide reliable WASH services may be optimizing the wrong objectives.

5. Conclusions and Recommendations

Addressing climate risks for children cannot be reduced to technical
optimization alone. Advances in climate-resilient design remain essential,
but they do not guarantee equitable outcomes. Across the cases discussed
in this chapter, vulnerability depends on exposure levels, yes, but also on
how infrastructure is conceived, who it is built for, how it is maintained,
and whether the people most affected had any say in its design. The CCCAI
framework was developed to bring these elements into a more coherent
structure. Rather than extending general population models downward to
children, it places their physiological, developmental, and social conditions
at the starting point of design.

Examined in concrete terms, however, this reorientation carries significant
practical weight. This shift may appear modest in the abstract. Its implications
become clearer when specific decisions are examined. A thermal threshold
calibrated to adult physiology produces different outcomes for a nine-year-
old playing in a schoolyard at noon. A borehole platform sited without regard
for seasonal flood levels fails the communities that depend on it during the
months when clean water matters most. Spatial organization that treats shade
as an aesthetic question rather than an equity one leaves low-income students
more exposed during heat episodes. Viewed through a child-specific lens, these
are not minor technical variations; they are the mechanisms through which
vulnerability is reproduced or reduced.

Good design, in other words, is necessary but not sufficient on its own. The
cases also surface a set of barriers that are persistent and largely non-technical.
Fragmented institutional responsibilities, insufficient maintenance capacity,
and the absence of child-sensitive standards in engineering codes appear
across contexts and income levels. The problem is therefore not primarily a
knowledge deficit. In most settings, the technical means to build better schools,
more resilient water systems, and safer routes exist. What is harder to secure
is the organizational commitment to apply those means consistently, and the
political will to direct resources toward the schools and communities that have
been historically underserved. Without accountability mechanisms that outlast
individual projects, even well-designed interventions drift.
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The cases examined in this chapter also point to a finding that carries
implications for how adaptation practice is organized. Participation warrants
attention for reasons that go beyond procedural obligation. Where children and
communities were involved in design and implementation from the beginning,
the infrastructure that resulted tended to fit local conditions more closely and
to remain functional over longer periods. This is not a soft finding. Community
investment in the design process is one of the more reliable predictors of whether
a water point or a green schoolyard is still being used and maintained three years
after the ribbon-cutting. Participation, in this sense, is an engineering input.

Several limitations should be acknowledged. Although CCCALI is presented
as broadly applicable, the conditions under which it operates vary considerably.
Differences in climate hazards, governance structures, and socio-economic
constraints shape what the framework can realistically deliver in specific
contexts. For this reason, future research would benefit from examining how its
criteria perform across different settings, rather than focusing only on internal
consistency. Treating children as a single analytical category also introduces
limitations. Variations related to age, disability, gender, and social position
influence climate vulnerability in ways not yet fully captured by the framework’s
current criteria. A more explicit intersectional approach would therefore
strengthen future applications.

Taken together, these constraints, however, do not fundamentally alter
the central argument. Infrastructure decisions being made today will shape the
physical conditions of childhood for years to come. Whether classrooms remain
within safe thermal ranges during extreme heat, whether school water systems
continue to function under drought conditions, or whether daily routes to school
expose children to additional risks, such outcomes are not incidental. They are
shaped by design choices, procurement decisions, and long-term maintenance
arrangements. The knowledge required to make more effective and equitable
decisions already exists, although it remains distributed across different fields.
The more immediate question is whether the institutions responsible for shaping
children’s environments will make use of it in practice.
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