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Abstract

Rising cooling demand in hot-arid climates requires passive, low-energy building strategies
that can be compared across heterogeneous evidence. This study develops a PRISMA-
informed systematic mapping review and an evidence-based energy-efficiency decision
matrix for building-scale passive cooling strategies in hot-arid climates, while comparing
evidence from both traditional and contemporary building contexts. Scopus and Web of
Science Core Collection were searched for English-language journal articles and reviews
published between 2010 and 2026. Rather than conducting statistical meta-analysis, the
review uses qualitative and evidence-based synthesis to map, classify, and interpret het-
erogeneous performance evidence. After duplicate removal, 844 records were screened.
A completed prioritized full-text synthesis assessed 92 reports and produced a core an-
alytical evidence base of 78 studies, supported by 11 borderline or contextual studies,
giving 89 mapped studies. The studies were coded by strategy cluster, climatic context,
building typology, evidence type, performance metric, energy relevance, water depen-
dency, implementation complexity, maintenance sensitivity, and evidence strength. Seven
strategy clusters were identified: evaporative/windcatcher/solar-chimney systems; enve-
lope/façade/shading strategies; courtyard/microclimate strategies; roof-based cooling;
earth-to-air or ground-coupled cooling; natural ventilation/night flushing; and integrated
passive cooling packages. The results show that passive cooling decisions require more than
a thermal performance comparison. The proposed matrix distinguishes performance poten-
tial from implementation suitability and provides a structured design-support framework
for low-energy hot-arid buildings.

Keywords: passive cooling; hot-arid climate; energy efficiency; systematic mapping
review; PRISMA; cool roof; windcatcher; natural ventilation; earth-to-air heat exchanger;
decision matrix

1. Introduction
The built environment is entering a decisive period in which cooling demand, heat re-

silience, and energy-efficiency targets are becoming inseparable. Buildings are major energy
consumers and contributors to greenhouse gas emissions, but they are also the primary
spaces in which people experience the health, comfort, and productivity consequences of
extreme heat. The buildings sector is therefore central to demand-side mitigation, opera-
tional energy reduction, and climate adaptation [1,2]. Within this broader transition, space
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cooling has become one of the fastest-growing end uses of electricity in buildings. The Inter-
national Energy Agency warns that space-cooling demand will rise sharply without major
efficiency and demand-reduction measures, while the Global Cooling Watch 2023 report
frames passive cooling, efficiency standards, and refrigerant transition as complementary
components of sustainable cooling [3,4].

This challenge is particularly acute in hot-arid climates. These regions are charac-
terized by high solar radiation, large diurnal temperature swings, low relative humidity,
clear skies, and prolonged cooling seasons. Such climatic conditions generate high risks of
indoor overheating, while also offering environmental opportunities for passive cooling
through solar control, night ventilation, thermal mass, evaporative cooling, and ground
coupling. Hot-arid climates, therefore, represent both a problem and a design resource:
they intensify cooling demand but also provide strong climatic potential for low-energy
cooling when buildings are designed to use local heat sinks.

Passive cooling has long occupied a central position in environmental design theory.
Bioclimatic approaches treated architecture as a mediator between human comfort and
climatic forces, emphasizing orientation, shading, thermal mass, ventilation, and material
selection as primary design instruments [5,6]. Vernacular architecture in hot-arid regions
developed these principles through courtyards, windcatchers, thick walls, shaded streets,
roof forms, night-time cooling, and water-assisted evaporative devices [7]. Contemporary
passive cooling research has expanded the field through cool roofs, ventilated envelopes,
passive downdraught evaporative cooling towers, earth-to-air heat exchangers, adaptive
façades, phase-change materials, and simulation-based optimization [8–11].

Despite this growing body of work, the literature remains fragmented. Studies fre-
quently focus on a single strategy, a specific building type, a local climatic condition, or a
limited performance metric. Roof-based studies often report surface temperature reduction,
indoor temperature, or cooling load effects [12–14]. Façade and shading studies tend to
evaluate energy and visual-performance trade-offs, particularly in contemporary glazed
buildings [15–17]. Ground-coupled systems are commonly assessed through outlet air
temperature, burial depth, and energy-saving potential [18–20]. Windcatcher, PDEC, and
solar-chimney studies often focus on airflow, thermal comfort, and natural-ventilation
performance [21–24].

The conceptual problem is therefore not the absence of passive cooling knowledge.
Rather, it is the absence of a structured comparative logic that can connect heterogeneous
evidence to design decision-making. A roof coating, a windcatcher, a courtyard, an earth-
to-air heat exchanger, and an adaptive façade cannot be evaluated through a single thermal
indicator. Each operates through a different mechanism, requires different resources, and
fits different building contexts. Evaporative cooling may provide strong temperature
depression in dry air, but can become problematic where water scarcity, wet-media hygiene,
or maintenance capacity is a constraint. Conversely, cool roofs and shading systems may
offer more moderate thermal effects but provide low-water, low-maintenance, and retrofit-
compatible benefits.

Existing review literature has made valuable contributions by documenting passive
cooling strategies, climate-responsive design principles, ventilative cooling potential, and
resilient cooling pathways [25,26]. However, several limitations remain. Many reviews dis-
cuss passive cooling techniques as categories rather than evaluating them through compara-
ble decision dimensions. Others emphasize technological performance but pay insufficient
attention to water dependence, maintenance, retrofit feasibility, or traditional-contemporary
transferability. In addition, systematic review methodology is not consistently applied in
passive cooling studies, particularly regarding search transparency, eligibility logic, full-text
prioritization, and evidence extraction [27–29].
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Recent building and engineering review studies also show that review-based contribu-
tions become stronger when they move beyond descriptive inventory and organize evi-
dence through explicit comparative frameworks, classification logics, or decision-relevant
gaps [30–32]. In this respect, the methodological issue addressed in the present review is
not only whether passive cooling strategies have been studied, but how heterogeneous
evidence can be made comparable without reducing it to a single thermal indicator. Con-
ventional systematic or narrative reviews are effective for documenting strategy types,
performance outcomes, and research trends, but they do not necessarily translate this evi-
dence into design-relevant criteria such as water dependency, maintenance burden, retrofit
feasibility, climatic fit, and evidence robustness. The proposed Energy-Efficiency Decision
Matrix is therefore intended as an additional interpretive layer built on systematic mapping:
it preserves the transparency of the review process while converting study-level findings
into comparable decision dimensions for hot-arid building design and retrofit contexts.

The present study addresses this gap by developing a PRISMA-informed systematic
mapping review and an energy-efficiency decision matrix for passive cooling strategies in
traditional and contemporary buildings in hot-arid climates. The study does not aim to
produce a universal ranking of passive cooling techniques because the included studies dif-
fer in climate, building type, scale, method, and metric. Instead, it constructs a comparative
decision framework that evaluates passive cooling strategies through energy-performance
evidence, hot-arid climate fit, building-scale relevance, thermal-comfort contribution, water
dependency, implementation complexity, maintenance sensitivity, and evidence strength.

The research is guided by the following questions:
RQ1. Which passive cooling strategies have been investigated in traditional and

contemporary buildings in hot-arid climates between 2010 and 2026?
RQ2. How can the identified strategies be classified according to their dominant

physical cooling mechanisms and architectural applications?
RQ3. What types of performance evidence are reported across the literature, includ-

ing energy, cooling load, temperature reduction, thermal comfort, airflow, and indoor
environmental quality indicators?

RQ4. Which passive cooling strategies demonstrate the strongest balance between
energy-efficiency relevance, climatic suitability, water sensitivity, implementation feasibility,
and evidence strength?

RQ5. How can heterogeneous passive cooling evidence be translated into an energy-
efficiency decision matrix for design and research use in hot-arid climates?

By integrating systematic mapping with design-oriented decision support, the study
contributes to passive cooling research in four interrelated ways. First, it reframes passive
cooling as a multi-criteria decision problem rather than a purely thermal-performance prob-
lem. Second, it makes the evidence-construction process transparent by linking database
records, screening decisions, strategy clusters, performance metrics, and matrix criteria.
Third, it advances existing review approaches by distinguishing performance potential
from implementation suitability, especially where water availability, maintenance capacity,
retrofit feasibility, and evidence strength affect real-world applicability. Fourth, it sup-
ports building design, retrofit, and conservation practice by helping designers recognize
embedded passive cooling logic in traditional buildings while selecting contemporary
interventions that are climatically appropriate, resource-sensitive, and implementable.

2. Materials and Methods
2.1. Review Design and Methodological Orientation

This study was designed as a PRISMA-informed systematic mapping review combined
with an evidence-based decision-matrix synthesis. The methodological aim was not only to
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identify and summarize passive cooling strategies used in hot-arid climates, but also to
translate heterogeneous evidence into a comparative energy-efficiency decision framework
for architectural and building-design applications. The included literature comprises field
monitoring, test-cell experiments, CFD studies, dynamic thermal simulations, parametric
modeling, and mixed experimental-simulation studies. Because of this methodological
and metric heterogeneity, statistical meta-analysis was not appropriate. Accordingly, the
synthesis was qualitative and evidence-based: it mapped strategy clusters, performance-
metric families, representative quantitative effects, and decision-matrix criteria without
pooling effect sizes or producing a statistical summary estimate.

The review followed the transparency principles of PRISMA 2020 for identification,
screening, eligibility reporting, and evidence-flow documentation [27], and incorporated
PRISMA-S principles to strengthen the reproducibility of the database search strategy [28].
The PRISMA-ScR checklist was used as supplementary reporting material for the mapping
and scoping components of the review [29]. The use of PRISMA-ScR in this manuscript,
therefore, supports reporting transparency; it does not reclassify the study as a quantitative
systematic review or meta-analysis.

The workflow consisted of database searching, export and normalization, duplicate
removal, title and abstract screening, second-pass prioritization, full-text eligibility assess-
ment, and decision-matrix coding (Figure 1).

Figure 1. PRISMA-informed workflow for evidence-based construction and decision-matrix synthesis.
The workflow shows identification, deduplication, screening, prioritization, report retrieval, eligibility
assessment, and the separation of the unavailable report from full-text exclusions.

To ensure consistent PRISMA terminology, this manuscript uses records, reports, and
studies as distinct units. Records refer to database searches or exported bibliographic
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entries screened at the title and abstract level. Reports refer to full-text documents sought,
retrieved, or assessed for eligibility. Studies refer to eligible analytical units included in the
core, eligible-with-caution, or supporting synthesis.

2.2. Data Sources and Search Strategy

The literature search was conducted in Scopus and Web of Science Core Collection
because these databases provide broad coverage of peer-reviewed literature in architecture,
building science, energy performance, environmental design, and engineering. The search
covered English-language journal articles and reviews published between 2010 and 2026.
The search strategy was developed around three conceptual blocks: passive cooling strate-
gies, hot-arid climatic context, and building or architectural relevance. The search was
intentionally broad to avoid excluding studies that used different terminology for similar
passive cooling mechanisms.

The final Scopus search was conducted on 8 June 2026, and the final Web of Science
Core Collection search was conducted on 8 June 2026. The search strategy combined three
conceptual blocks: passive cooling mechanisms, hot-arid climatic descriptors, and building-
scale application terms. The same conceptual structure was used in both databases, but
field syntax was adapted to the database interface. No geographical filter was applied.
The limits applied in both databases were publication years 2010–2026, English language,
and peer-reviewed journal document types. Conference papers, book chapters, editorials,
notes, and non-English records were excluded through database filters where available
and through subsequent screening where necessary. For Scopus, the search was run
in TITLE-ABS-KEY fields as follows: TITLE-ABS-KEY (“passive cooling” OR “natural
ventilation” OR windcatcher OR “wind tower” OR “solar chimney” OR “cool roof” OR
“reflective roof” OR shading OR courtyard OR “thermal mass” OR “evaporative cooling”
OR “passive downdraught evaporative cooling” OR PDEC OR “earth-to-air heat exchanger”
OR “ground-coupled cooling”) AND TITLE-ABS-KEY (“hot-arid” OR “hot arid” OR “hot-
dry” OR “hot dry” OR arid OR desert OR BWh) AND TITLE-ABS-KEY (building OR
architecture OR envelope OR façade OR facade OR roof OR residential OR school OR
“traditional building” OR vernacular).

The Scopus results were limited to 2010–2026, English-language records, Article or
Review document types, and journal source type. This produced 322 raw records and
222 final exported records after filters. For Web of Science Core Collection, the search was
run as a Topic search as follows:

TS = (“passive cooling” OR “natural ventilation” OR windcatcher OR “wind tower”
OR “solar chimney” OR “cool roof” OR “reflective roof” OR shading OR courtyard OR
“thermal mass” OR “evaporative cooling” OR “passive downdraught evaporative cooling”
OR PDEC OR “earth-to-air heat exchanger” OR “ground-coupled cooling”) AND TS = (“hot-
arid” OR “hot arid” OR “hot-dry” OR “hot dry” OR arid OR desert OR BWh) AND
TS = (building OR architecture OR envelope OR façade OR facade OR roof OR residential
OR school OR “traditional building” OR vernacular).

The Web of Science results were limited to 2010–2026, English-language records, and
Article or Review Article document types. This produced 955 raw records and 801 final
exported records after filters. The database-specific search fields, exact search structures,
filters, and final exported records are summarized in Table 1.
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Table 1. Database-specific search syntax, search dates, limits, and exported records.

Database Search
Field Search Date Exact Search Structure Limits Applied Raw

Records

Final
Exported
Records

Scopus TITLE-
ABS-KEY 8 June 2026

TITLE-ABS-KEY (“passive cooling”
OR “natural ventilation” OR

windcatcher OR “wind tower” OR
“solar chimney” OR “cool roof” OR

“reflective roof” OR shading OR
courtyard OR “thermal mass” OR

“evaporative cooling” OR “passive
downdraught evaporative cooling”

OR PDEC OR “earth-to-air heat
exchanger” OR “ground-coupled
cooling”) AND TITLE-ABS-KEY

(“hot-arid” OR “hot arid” OR
“hot-dry” OR “hot dry” OR arid OR

desert OR BWh) AND
TITLE-ABS-KEY (building OR

architecture OR envelope OR façade
OR facade OR roof OR residential OR
school OR “traditional building” OR

vernacular)

Publication years:
2010–2026;

document type:
Article or Review;
language: English;

source type:
Journal

322 222

Web of
Science

Core
Collection

Topic
Search 8 June 2026

TS = (“passive cooling” OR “natural
ventilation” OR windcatcher OR

“wind tower” OR “solar chimney” OR
“cool roof” OR “reflective roof” OR
shading OR courtyard OR “thermal
mass” OR “evaporative cooling” OR
“passive downdraught evaporative
cooling” OR PDEC OR “earth-to-air

heat exchanger” OR “ground-coupled
cooling”) AND TS = (“hot-arid” OR

“hot arid” OR “hot-dry” OR “hot dry”
OR arid OR desert OR BWh) AND
TS = (building OR architecture OR
envelope OR façade OR facade OR
roof OR residential OR school OR

“traditional building” OR vernacular)

Publication years:
2010–2026;

document type:
Article or Review
Article; language:

English

955 801

Combined
dataset

Scopus
and Web
of Science

final
exports

After both
database

searches, 8
June 2026

Combined export from the two
database searches reported above

DOI-based
deduplication
followed by

title/year matching
for records without

a DOI or with
inconsistent DOI

formatting

1023
844

unique
records

2.3. Record Export, Normalization, and Deduplication

Records were exported with bibliographic information, including title, authors, publi-
cation year, source title, abstract, keywords, DOI, and database source. The two datasets
were merged into a single spreadsheet and normalized to ensure consistency across Scopus
and Web of Science fields. Deduplication was performed in two stages: exact DOI matching
followed by title-and-year matching for records without a DOI or with inconsistent DOI
formatting. This process removed 179 duplicate records, leaving 844 unique records for
title and abstract screening.
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2.4. Eligibility Criteria

The eligibility criteria were developed to ensure that the review retained studies with
direct relevance to building-scale passive cooling in hot-arid or closely comparable dry
climatic conditions. Because passive cooling evidence is distributed across architecture,
building physics, environmental design, and energy-performance research, the criteria were
designed to balance specificity with sufficient breadth. Sources were therefore assessed
according to climate relevance, building relevance, passive cooling relevance, performance
relevance, publication type, language, and publication period. The inclusion and exclusion
rules applied during screening and full-text assessment are presented in Table 2.

Table 2. Inclusion and exclusion criteria.

Criterion Inclusion Rule Exclusion Rule

Climate relevance Hot-arid, hot-dry, arid, desert, BWh, or
closely comparable dry climatic conditions

Temperate, humid, tropical, cold, or
unspecified climates without

transferable hot-arid relevance

Building relevance

Buildings, architecture, envelope, indoor
space, courtyard buildings,

traditional/vernacular buildings, or
contemporary building systems

Agriculture, greenhouses, vehicles,
electronics, textiles, industrial

equipment, or material chemistry
without building application

Passive cooling relevance

Passive or hybrid-passive strategies such
as natural ventilation, windcatcher, solar
chimney, courtyard, shading, cool roof,
roof pond, thermal mass, evaporative
cooling, earth-to-air heat exchange, or

envelope design

Active HVAC, mechanical refrigeration,
or equipment-only studies without

passive architectural relevance

Performance relevance

Thermal comfort, indoor temperature,
cooling load, energy performance,

overheating, ventilation, air movement, or
related measurable outcomes

No energy, thermal, comfort, ventilation,
or building-performance outcome

Publication type, language,
and period

Peer-reviewed English-language journal
article or review article, 2010–2026

Conference paper, book chapter,
editorial, note, report, non-English item,

or item outside the date range

Ambiguous records were not excluded immediately. Records with insufficient ab-
stracts or partial relevance were coded as “Maybe” and retained for second-pass screening
to reduce the risk of excluding relevant studies prematurely.

2.5. Screening, Prioritization, and Full-Text Assessment

The 844 deduplicated records were screened at the title and abstract level using Include,
Exclude, and Maybe decisions. A second-pass screening then classified records into the
following categories: Core, Maybe/full-text check, Background/conceptual use only, and
Exclude. This produced 290 core-include records, 400 records requiring possible full-text
check, 77 background/conceptual records, and 77 exclusions. Because the purpose of the
review was to construct a decision matrix grounded in performance evidence, full-text
retrieval was prioritized according to the likelihood that a record would contain extractable
passive-cooling performance data.

Ninety records were initially selected for the Tier 1 full-text retrieval set. During re-
trieval, three additional high-value records from the core set were retrieved and assessed be-
cause the corresponding reports were available and directly relevant to the decision-matrix
synthesis. The completed prioritized full-text synthesis therefore processed 93 reports. Of
these, 92 reports were retrieved and assessed, while one report was recorded as unavailable
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because it could not be accessed through institutional, open-access, or legal retrieval routes
without payment. Full texts were not purchased. This distinction was maintained to avoid
conflating non-retrieval with methodological exclusion.

Full-text reports were assessed using four operational criteria: climate relevance,
building-scale relevance, passive cooling relevance, and reported thermal, energy, comfort,
or ventilation-performance evidence. After full-text assessment, the corresponding studies
were coded as eligible, eligible with caution, supporting/borderline, or excluded from the
analytical synthesis.

2.6. Data Extraction, Evidence Classification, and Decision-Matrix Development

For each eligible, eligible-with-caution, or supporting study, the following information
was extracted: bibliographic details, country or location, climate type, building typology,
traditional or contemporary category, passive cooling strategy, strategy cluster, evidence
type, modeling or measurement method, performance metrics, quantitative effect, energy
relevance, water dependency, implementation complexity, maintenance sensitivity, and
recommended use in the synthesis.

The Energy-Efficiency Decision Matrix was developed to convert heterogeneous find-
ings into a structured, comparative framework for architectural and building-design deci-
sion support. Each strategy was assessed across eight dimensions: energy-performance
evidence, hot-arid climate fit, building-scale relevance, thermal-comfort contribution, water
dependency, implementation complexity, maintenance sensitivity, and evidence strength
(Table 3). The scoring scale was used as a conservative evidence-classification tool rather
than as a statistical weighting system or a universal ranking model. Scores were assigned
from the information explicitly reported in each source. Where evidence was incomplete,
indirect, or ambiguous, the lower applicable score was assigned.

For energy-performance evidence, a score of 3 was assigned only when a study
reported direct kWh, cooling load, HVAC-load, or energy-saving outcomes; temperature
or comfort evidence without direct energy reporting was not treated as equivalent to
direct energy evidence. For a hot-arid climate fit, studies explicitly located in BWh, desert,
hot-arid, or equivalent dry climates received the highest score, whereas semi-arid or
transferable dry-context studies were scored more cautiously. For building-scale relevance,
whole-building or building-integrated systems were scored higher than component-only,
test-cell, or isolated-room studies. For water dependency, implementation complexity, and
maintenance sensitivity, the scale was suitability-oriented: low-water, low-complexity, and
low-maintenance strategies received higher scores, while water-dependent, technically
complex, or maintenance-intensive systems were scored more cautiously. Evidence strength
was scored according to the robustness of the study design, with higher scores assigned to
field evidence, validated simulations, or strong experimental designs.

The scoring process was not externally validated through a formal expert panel. To
improve transparency and reproducibility, the scoring criteria were defined before synthesis,
applied consistently across the mapped evidence base, and documented at the source level
in Supplementary Table S1. The matrix should therefore be interpreted as a transparent
evidence-classification and decision-support framework, not as a validated predictive
model. Formal expert validation and sensitivity testing of the scoring assumptions remain
important next steps for future development of the framework.
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Table 3. Decision-matrix scoring dimensions.

Dimension Score 0 Score 1 Score 2 Score 3

Energy-
performance

evidence

No energy or
cooling-load

evidence

Indirect thermal
evidence only

Temperature or
comfort evidence

with partial energy
implication

Direct kWh, cooling-load,
HVAC-load, or

energy-saving evidence

Hot-arid climate
fit

Climate not
confirmed

Semi-arid or
transferable dry

context

Hot-dry or
arid-related context

Confirmed BWh, hot-arid,
desert or equivalent climate

Building-scale
relevance Component only Test cell or isolated

room
Building zone or
envelope system

Whole building or
building-integrated system

Thermal-comfort
contribution Not assessed Qualitative

implication

Measured or
simulated comfort

improvement

Comfort maintained within
recognized standards or

discomfort hours reduced

Water
dependency

High and
unquantified water

demand

Water-dependent
with limited

reporting

Moderate or
controlled water use

Low-water or no-water
strategy

Implementation
complexity

High specialized
complexity

Moderate-to-high
technical

integration
Moderate feasibility Simple, low-cost, or

retrofit-friendly

Maintenance
sensitivity

High maintenance
requirement

Moderate
maintenance
requirement

Low-to-moderate
maintenance

Low maintenance or robust
passive operation

Evidence strength Conceptual or
weakly validated Simulation only Validated simulation

or monitored case

Field evidence plus
validated simulation or

strong experimental design

Retrofit potential was treated as a derived applicability judgment rather than as a
separate ninth scoring dimension. It was inferred from the combined interpretation of
building-scale relevance, implementation complexity, water dependency, maintenance
sensitivity, and the extent to which a strategy could be added to existing buildings without
major structural alteration or extensive technical integration. For example, cool roofs,
high-albedo coatings, external shading, and selected envelope measures were interpreted
as having relatively high retrofit potential when they combined building-scale relevance
with low water dependency, moderate or low implementation complexity, and manageable
maintenance requirements. By contrast, earth-to-air heat exchangers, ground-coupled
systems, or integrated evaporative systems were interpreted more cautiously in retrofit con-
texts because their applicability depends on excavation, site conditions, system integration,
water availability, or long-term maintenance access.

Final priority classes were not generated through a simple arithmetic summation
of scores. Instead, they were assigned through a rule-based interpretive synthesis that
combined performance evidence with implementation suitability. Energy-performance
evidence and hot-arid climate fit were used to identify whether a strategy had sufficient
relevance to the review objective, while water dependency, implementation complexity,
maintenance sensitivity, retrofit potential, and evidence strength were used to moderate the
final priority interpretation. This approach prevented strategies with strong thermal effects
but high water, maintenance, or implementation burdens from being treated as universally
preferable.

Representative scoring examples clarify how the criteria were applied. A cool-roof
or cool-ventilated-roof study reporting measured indoor-temperature reduction together
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with simulated cooling-load reduction was treated as strong energy-performance evidence
because it provided direct energy or cooling-load information as well as thermal evidence.
By contrast, a windcatcher, solar-chimney, or water-spray configuration reporting large
air-temperature reductions through CFD simulation but without direct kWh or cooling-load
outcomes was not scored as equivalent to direct energy evidence; its interpretation was
also moderated by water dependence and operational-control requirements. Similarly,
earth-to-air or ground-coupled strategies were interpreted as having high thermal potential
where substantial temperature reduction was reported, but their implementation score was
moderated by site dependence, installation complexity, and maintenance access. These
examples illustrate that the matrix evaluates both performance potential and implemen-
tation suitability rather than ranking strategies by thermal effect alone. The translation
of source-level evidence into clustered strategy assessment and priority classification is
illustrated in Figure 2.

Figure 2. Construction logic of the Energy-Efficiency Decision Matrix. Extracted evidence is translated
through strategy clustering, multi-criteria scoring, and priority classification.

All screening, eligibility, and coding decisions were documented in structured spread-
sheets. The full Tier 1 screening and coding workbook, including source-level extrac-
tion fields, matrix dimensions, eligibility status, and decision notes, is provided as
Supplementary Table S1.

3. Results
3.1. PRISMA-Based Screening Outcome and Analytical Evidence Base

The systematic search identified 1023 records from Scopus and Web of Science Core
Collection. After duplicate removal, 844 unique records were retained for title and abstract
screening. Second-pass screening produced a core full-text-priority set of 290 records.
In the completed prioritized full-text synthesis, 93 reports were processed. Of these,
92 reports were retrieved and assessed, and one report was recorded as unavailable. Full-
text eligibility assessment retained 78 studies in the core analytical evidence base, including
75 eligible studies and 3 studies retained with caution. A further 11 studies were retained for
supporting or contextual synthesis, while 3 reports were excluded after full-text assessment.
The unavailable report was reported separately from exclusions because it was not assessed.
The complete numerical pathway from database identification to the final analytical and
supporting evidence base is summarized in Table 4.
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Table 4. PRISMA-based identification, screening, and full-text eligibility status.

Review Stage Number PRISMA Unit and Interpretation

Records identified from Scopus 222 Records; final Scopus export after filters
Records identified from Web of Science Core Collection 801 Records; final Web of Science export after filters

Total records before duplicate removal 1023 Records; combined Scopus and Web of Science dataset

Duplicates removed 179 Duplicate records removed through DOI-based and title/year-based
deduplication

Records after duplicate removal 844 Unique records retained for title/abstract screening
Core full-text priority set 290 Records with strong title/abstract relevance

Tier 1 essential retrieval set 90 Records selected for prioritized full-text retrieval
Additional high-value core records assessed 3 Additional records retrieved and assessed as reports during retrieval

Reports processed 93 Reports on the completed prioritized full-text synthesis
Reports retrieved and assessed 92 Full-text reports assessed against eligibility criteria

Report unavailable 1 Report not retrieved; reported separately from exclusions and not purchased
Eligible studies 75 Studies retained in the core analytical evidence base

Eligible-with-caution studies 3 Studies retained with a scope or transferability caveat
Supporting/borderline studies 11 Studies retained for contextual or supporting synthesis

Reports excluded after full-text assessment 3 Reports excluded from analytical synthesis after eligibility assessment

3.2. Strategy-Cluster Distribution

The 89 mapped studies, consisting of 78 core analytical studies and 11 supporting or
borderline studies, were grouped into seven analytical strategy clusters. These clusters reflect
the main physical mechanisms through which passive cooling is achieved in hot-arid climates:
evaporative heat dissipation, solar heat-gain reduction, ventilation-driven heat removal,
microclimatic buffering, thermal-mass modulation, and ground-coupled heat exchange.

The evidence base included studies on solar-chimney and evaporative-cooling config-
urations [33], earth-to-air heat-exchange performance [34], natural ventilation in hot-arid
school settings [35], passive downdraught evaporative cooling configurations and moni-
tored PDEC applications [36,37], overheating mitigation in desert school buildings under
current and future climates [38], courtyard-envelope performance in hot-arid educational
settings [39], climate-resilient passive cooling optimization [40], kinetic Mashrabiya per-
formance in arid climates [41], windcatcher evidence in UAE heritage architecture [42],
material-envelope and ventilation-related studies in semi-arid or hot-dry contexts [43–46],
PCM and advanced shading/BIPV studies [47,48], psychrometric roof-pond evidence [49],
atrium/natural-ventilation and residential passive-cooling studies [50,51], and traditional
courtyard-building performance in a desert climate [52]. The distribution of mapped
studies across these seven strategy clusters is summarized in Table 5.

Table 5. Strategy-cluster distribution of mapped full-text studies.

Strategy Cluster Core Analytical
Studies

Supporting/Borderline
Studies

Total Mapped
Studies Interpretation

Evaporative/windcatcher/solar-
chimney systems 25 2 27

High cooling potential in dry
air, but water use and

maintenance require explicit
evaluation

Envelope/façade/shading
strategies 21 1 22

Important for contemporary
buildings and solar-gain
control, especially glazed

buildings

Courtyard/microclimate
strategies 12 5 17

Strong link between vernacular
spatial logic and contemporary

microclimate performance
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Table 5. Cont.

Strategy Cluster Core Analytical
Studies

Supporting/Borderline
Studies

Total Mapped
Studies Interpretation

Roof-based cooling 10 1 11
Low-water, retrofit-compatible
heat-gain reduction at a highly

exposed envelope surface

Earth-to-air/ground-coupled
cooling 8 0 8

High technical potential but
site-dependent and more

complex to implement

Natural ventilation/night
flushing 0 2 2

Control-sensitive enabling
strategy that depends on

timing and diurnal
temperature swing

Integrated passive cooling
packages 2 0 2

Combined strategies with
strong design relevance but
lower comparability across

individual mechanisms

The same distribution is visualized in Figure 3 to clarify the relative weight of core
analytical studies and supporting or borderline studies across the passive cooling clusters.

Figure 3. Passive cooling strategy-cluster distribution in the mapped full-text evidence base. Bars
distinguish core analytical studies from supporting or borderline studies.

3.3. Performance-Metric Mapping

The mapped studies reported five performance-metric families: temperature reduction,
energy or cooling-load reduction, thermal comfort improvement, airflow or ventilation
performance, and CO2, IAQ, or emissions indicators. Studies could contribute to more
than one metric family because many reported combined thermal, comfort, and energy
outcomes. The five performance-metric families and their relevance for the decision-matrix
interpretation are summarized in Table 6.

The relationship between strategy clusters and reported performance-metric families
is visualized in Figure 4.
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Table 6. Performance-metric families identified in the mapped studies.

Performance-Metric
Family

Number of Mapped
Studies Reporting Metric Typical Indicators Decision-Matrix

Relevance

Temperature reduction 58

Indoor air temperature,
outlet air temperature,

surface temperature, MRT,
UTCI, or PET

Strong
thermal-performance

indicator; strongest when
paired with energy

evidence

Energy/cooling load 46

Annual cooling energy,
HVAC load, seasonal

cooling demand, kWh,
percentage saving, peak

demand

Most important metric
family for energy-efficiency

interpretation

Thermal comfort 38

Comfort hours, discomfort
hours, PMV/PPD, UTCI,

PET, adaptive comfort
range

Essential for
occupant-centered

interpretation

Airflow/ventilation 40
ACH, airflow rate, air

speed, ventilation
effectiveness, MAA, ACE

Important for windcatcher,
solar-chimney, courtyard
and ventilation strategies

CO2/IAQ/emissions 9

CO2 concentration, IAQ,
infection-risk indicators,
CO2 or carbon-emission

reduction

Supports sustainability and
indoor-environment

quality interpretation

Figure 4. Strategy-by-performance-metric evidence map. Bubble size and internal labels indicate the
number of mapped studies in which each strategy cluster reported each performance-metric family;
studies could contribute to more than one metric family. Colours are used only to visually distinguish
performance-metric families and do not encode an additional variable.

Temperature reduction was the most frequently reported indicator, but temperature
reduction alone is insufficient for an energy-efficiency review. A strategy that reduces
temperature substantially may still be unsuitable if it depends heavily on water, requires
difficult maintenance, or lacks building-scale energy evidence. For this reason, the decision
matrix gives greater interpretive weight to studies that combine thermal-performance
evidence with energy or cooling-load outcomes.
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3.4. Representative Quantitative Evidence Informing the Decision Matrix

To clarify how quantitative evidence informed the decision-matrix interpretation,
representative high-value studies were extracted from the mapped evidence base. These
studies were not selected to create a ranked list of passive cooling techniques, but to
illustrate the range of measurable effects reported across roof-based systems, integrated
passive design packages, evaporative and windcatcher systems, ground-coupled cooling,
PCM/envelope strategies, and shading retrofits. The examples show how reported thermal,
comfort, and energy outcomes were translated into matrix-level interpretation. Table 7
presents the selected studies, their passive cooling strategies, evidence types, extracted
quantitative effects, and corresponding matrix implications.

Table 7. Representative high-value studies and extracted quantitative effects.

Reference/Context Passive Cooling
Strategy Evidence Type Extracted Quantitative

Effect Matrix Interpretation

Athmani et al. [8],
Biskra, Algeria

Cool reflective paint,
white ceramic tiles,
cool-ventilated roof,

double-skin roof

Experimental
monitoring + TRNSYS

simulation

Cool-ventilated roof
reduced average indoor
temperature by 4.95 ◦C;

double-skin roof with cool
paint reduced discomfort

hours by 45.29% and
cooling load from 1121.91

to 741.09 kWh

Strong roof-based
energy evidence;
low-water and
retrofit-relevant

Rodrigues et al. [11],
Saudi Arabia

Integrated passive
design package for

villa retrofit

IES-VE parametric
current/future

simulation

Combined measures
achieved 68%

cooling-energy reduction
compared with the

base-case villa

Strong integrated
evidence for residential

hot-arid retrofit

Alshenaifi, Sharples
et al. [22], Saudi

Arabia

PDEC tower
integrated into a

Saudi house

Field-monitored and
validated simulation

Cooling energy reduced by
approximately 22%

High-performance
conditional strategy;

water and operational
control required

Bala et al. [40],
Northwestern

Nigeria

Optimized passive
cooling package

under climate
projections

Field monitoring
+ calibrated EnergyPlus

+ NSGA-II/TOPSIS
+ CMIP6

Optimized solutions
reduced energy use by

47–63%, discomfort hours
by 68.2%, and peak

temperatures by 3.8–4.5 ◦C

Strong
climate-resilience and

multi-objective
optimization evidence

Nait et al. [10],
Constantine, Algeria

PCM panels in
exterior walls and

partitions

Field measurement
+ EDSL TAS simulation

Cooling demand reduced
up to 34%; discomfort
hours reduced up to

45–57% in the studied
spaces

Promising
envelope/thermal-

mass strategy;
regeneration limits
require attention

Jafari and
Kalantar [23], Yazd,

Iran

Windcatcher + solar
chimneys + water

spray
CFD simulation

Water spray produced
approximately 6–12 ◦C air

temperature reduction

High cooling potential;
simulation-based and

water-dependent

Benhammou
et al. [18], Saharan

climate

EAHE integrated
with envelope

insulation

Simulation-based
assessment

Maximum indoor air
temperature reduced by

more than 11 ◦C, and
temperature amplitude
reduced by up to 91%

Strong thermal
potential with higher

implementation
complexity

Bande et al. [15], Al
Ain, UAE

Optimized
Mashrabiya retrofit

Rhino/Grasshopper
+ EnergyPlus;

utility-bill validation

The hexagonal screen
reduced annual cooling

energy by 12.3%

Culturally rooted
façade retrofit with
measurable energy

benefit
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The representative evidence confirms that promising strategies are not concentrated
in a single passive-cooling family. High-value evidence appears across roof systems, evapo-
rative and windcatcher systems, ground-coupled cooling, PCM/envelope interventions,
façade shading, and integrated packages. This reinforces the need for a decision matrix
rather than a simple universal ranking.

3.5. Decision-Matrix Interpretation and Priority Classes

The decision matrix places energy-performance evidence at the center of evaluation
but deliberately avoids treating energy reduction as the only criterion. In arid contexts,
water dependency, maintenance, and operational reliability are decisive constraints. A
strategy that produces high cooling through evaporation may be less suitable if water
demand and wet-media maintenance are not addressed. Conversely, low-water strategies
such as reflective roofs, roof ventilation, shading, and envelope optimization may provide
more robust long-term applicability, even when their peak temperature reductions are
lower. The resulting strategy-priority classes are presented in Table 8.

Table 8. Final strategy-priority classes for hot-arid passive cooling design.

Priority Class Strategy Types Why This Class Matters Main Caution

Priority A: robust
low-water energy

strategies

Cool roofs, high-albedo
coatings, cool-ventilated

roofs, roof shading, external
shading, insulation, façade

solar control

Strong energy relevance,
low water dependency,

and high retrofit potential

Optimize for glare,
durability, dust, and local

construction practice

Priority B:
high-performance

conditional strategies

PDEC towers, evaporative
windcatchers, solar chimney

+ evaporative tower,
psychrometric roof ponds

Strong
temperature-reduction and

comfort potential in dry
climates

Water use, wet-media
hygiene, maintenance, and

operational control

Priority C: spatial and
morphological regulators

Courtyards, compact forms,
shaded transitional spaces,

vernacular layouts,
microclimatic buffers

High cultural and climatic
relevance; reduces heat
stress before mechanical

intervention

Energy savings often
under-quantified

Priority D:
site-dependent technical

systems

EAHE, ground-coupled
cooling, buried pipes,

geothermal passive systems

High cooling potential for
integrated low-energy

buildings

Installation complexity,
soil/site dependency, and

maintenance access

Priority E: supporting
control strategies

Night flushing, selective
natural ventilation, adaptive

openings,
occupant-controlled

operation

Low-energy support for
other passive strategies

Daytime ventilation can
increase heat stress if

poorly controlled

Priority F: integrated
passive design packages

Combined envelope,
shading, ventilation, PCM,
and optimization packages

Strong applied design
value; captures synergies

across strategies

Less comparable across
individual mechanisms;

requires transparent
component reporting

Note: Priority classes are decision-support categories rather than a strict numerical ranking. They synthesize
energy relevance, climate fit, water dependency, implementation complexity, maintenance sensitivity, retrofit
potential, and evidence strength to distinguish robust baseline strategies from conditional, site-dependent, or
supporting strategies.

The priority classes were derived from the combined interpretation of matrix dimen-
sions rather than from a mechanical total score. Priority A was assigned to strategies with
strong energy relevance, low water dependency, manageable implementation requirements,
low-to-moderate maintenance sensitivity, and relatively high retrofit potential. Priority
B was assigned to strategies with high temperature-reduction or comfort potential but
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stronger dependency on water supply, wet-media hygiene, operational control, or mainte-
nance capacity. Priority C includes spatial and morphological regulators, such as courtyards
and shaded transitional spaces, whose climatic relevance is strong but whose direct energy
savings are often less consistently quantified. Priority D includes site-dependent technical
systems, such as earth-to-air or ground-coupled systems, where thermal potential may
be high, but implementation feasibility depends on soil condition, excavation, system
integration, and maintenance access. Priority E includes supporting control strategies such
as night flushing and selective ventilation, which are valuable when coordinated with other
passive measures but should not be treated as standalone solutions. Priority F captures
integrated passive design packages, which have strong applied design value but are less
comparable across individual mechanisms.

Figure 5 translates these priority classes into a staged selection pathway for hot-arid
building design.

Figure 5. Priority pathway for passive cooling selection in hot-arid buildings. The pathway prioritizes
low-water heat-gain reduction, then spatial buffering and controlled ventilation, before conditional
evaporative or ground-coupled systems.

The framework can be applied as a staged screening tool during both new design
and retrofit decision-making. For architects, the matrix supports early-stage selection by
identifying which passive cooling families are most compatible with site exposure, building
form, spatial organization, and retrofit constraints. For engineers, it provides a structured
basis for assessing whether a strategy has direct energy or cooling-load evidence, whether
the reported thermal benefit is supported by robust evidence, and whether implementation
complexity, maintenance access, or water dependence may reduce operational reliabil-
ity. For policymakers, municipal retrofit programs and design-guideline development,
the framework can help prioritize low-water, low-maintenance, and broadly transferable
strategies before promoting more conditional systems that require water supply, technical
integration, or long-term operational governance. In practical use, the matrix should there-
fore be read from performance potential to implementation suitability: first, reduce heat
gain, then use spatial buffering and controlled ventilation, and finally consider evaporative
or ground-coupled systems where site conditions and maintenance capacity support them.

3.6. Traditional Versus Contemporary Passive Cooling Logic

The mapped evidence shows that traditional and contemporary passive cooling strate-
gies should not be treated as separate or competing categories. They operate through
overlapping physical mechanisms. Traditional buildings frequently use spatial depth,
courtyards, shaded voids, compact massing, thermal mass, windcatchers, and controlled
openings. Contemporary systems often translate the same principles into engineered
components, such as cool roofs, double-skin façades, PDEC towers, CFD-optimized wind-
catchers, adaptive shading, PCM-enhanced envelopes, and earth-to-air heat exchangers.

The decision matrix demonstrates that traditional strategies are often strong in climatic
adaptation, cultural compatibility, and low-energy logic, but contemporary studies more
frequently provide quantifiable performance evidence. This suggests that a key gap is not
the absence of traditional passive cooling knowledge, but the lack of systematic quantifica-
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tion of its energy and comfort impacts under contemporary performance metrics. Figure 6
summarizes this traditional-contemporary bridge by connecting architectural expressions
to their shared physical cooling mechanisms.

Figure 6. Mechanism-based bridge between traditional and contemporary passive cooling. The
diagram connects architectural expressions to shared physical cooling mechanisms.

4. Discussion
4.1. Reframing Passive Cooling as a Multi-Criteria Energy-Efficiency Problem

The findings show that passive cooling in hot-arid climates cannot be reduced to a
single best technique. Instead, it should be interpreted as a multi-layered design problem in
which different strategies operate through different environmental mechanisms, including
solar heat-gain prevention, radiative reflection, evaporative heat dissipation, ventilation-
driven heat removal, thermal-mass modulation, microclimatic buffering, and ground-
coupled heat exchange. This interpretation is consistent with the broader sustainable
cooling agenda, which stresses that cooling demand cannot be addressed only by improving
mechanical air-conditioning efficiency [3,4]. The present review contributes by shifting the
discussion from a catalog of passive cooling techniques to a decision-support logic that
evaluates thermal benefit together with energy relevance, climate fit, water dependency,
implementation complexity, and maintenance sensitivity.

At the mechanism level, the main trade-off is that passive cooling strategies do not
remove heat in the same way or at the same point in the heat-flow sequence. Roof coatings,
shading, and envelope measures act upstream by reducing absorbed solar radiation before it
becomes indoor heat gain. Thermal mass and PCM-based envelopes delay and redistribute
heat through storage and time lag, but they require appropriate night-time heat release
to avoid retaining heat into the next day. Evaporative and windcatcher systems use dry-
air potential and pressure-driven or buoyancy-assisted airflow to remove sensible heat,
yet their performance depends on wet-bulb depression, water availability, airflow path
continuity, and maintenance of wetted components. Ground-coupled strategies use the
thermal inertia of the soil as a heat sink, but their effectiveness is moderated by burial
depth, soil conditions, pipe configuration, and installation feasibility. These mechanisms
explain why no passive cooling strategy can be interpreted independently from climate,
building form, envelope exposure, ventilation timing, and operational control.

4.2. Roof-Based and Envelope-Based Strategies as Robust Low-Water Interventions

Roof-based and envelope-based strategies emerged as the most robust low-water
interventions within the prioritized evidence base. This finding is physically coherent
because roofs and façades are among the most exposed envelope components in hot-arid
climates. Cool roofs, reflective coatings, ventilated roofs, insulation, and external shading
reduce solar heat gain before it becomes an indoor cooling load. The evidence from Athmani
et al. [8], Dabaieh et al. [13], Algarni [12], Rodrigues et al. [11], and Bande et al. [15] indicates
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that such strategies are especially valuable where water scarcity, maintenance capacity, and
retrofit feasibility are major constraints. However, the results also show that reflective and
ventilated systems require attention to dust, durability, glare, and construction practice.

The main interaction for roof and envelope strategies is their ability to reduce cooling
load before other passive systems are activated. External shading and high-albedo or venti-
lated roofs lower incident and absorbed solar gains, which can improve the effectiveness of
natural ventilation, night flushing, and thermal-mass strategies by reducing the heat that
must later be removed. However, the same strategies also involve trade-offs. Highly re-
flective surfaces may lose effectiveness under dust accumulation or create glare; insulation
and thermal mass may reduce daytime heat transfer but can also delay heat release if night
ventilation is insufficient; and façade shading must balance cooling-load reduction with
daylight and visual-performance requirements. Roof and envelope measures are therefore
best interpreted as baseline heat-gain-control strategies that condition the performance of
subsequent ventilation, microclimate, or evaporative interventions.

4.3. Evaporative, Windcatcher, and Solar-Chimney Systems as High-Performance Conditional Strategies

Evaporative, windcatcher, and solar-chimney systems provide some of the strongest
temperature-reduction effects because hot-arid climates offer favorable psychrometric con-
ditions. Studies on PDEC towers, windcatchers, water-spray systems, and solar-chimney-
assisted configurations show large cooling and ventilation potential [21–24,36,37]. Yet
these systems should not be positioned as universally superior. Their suitability depends
on water availability, wet-media hygiene, humidity control, dust, maintenance, and user
operation. The decision matrix, therefore, classifies them as high-performance conditional
strategies rather than universal first-priority solutions.

The physical logic of these systems differs from that of roof or envelope heat-gain
reduction. Evaporative systems lower air temperature by converting sensible heat into
latent heat, which is particularly effective in dry air but introduces water consumption,
humidity control, and hygiene considerations. Windcatchers depend on pressure differ-
ences and the continuity of inlet and outlet airflow paths, while solar chimneys depend
on buoyancy generated by solar heating of the air column. Hybrid configurations can
strengthen performance when wind-driven and stack-driven forces operate in the same
direction, or when evaporative cooling is used to pre-cool incoming air. They can also
underperform when airflow paths are obstructed, when outdoor air is too hot during
daytime operation, or when added humidity conflicts with comfort and indoor air quality
needs. This explains why the matrix treats these strategies as conditional high-performance
systems rather than universally robust interventions.

4.4. Courtyard, Microclimate, and Conservation Implications

Courtyard and microclimate strategies occupy a distinctive position because they
bridge vernacular environmental knowledge and contemporary performance analysis.
They should be interpreted as spatial regulators rather than isolated cooling devices. Court-
yards, shaded transitions, compact forms, and wind-oriented openings can moderate
the microclimate, but their direct energy effects are not always quantified with the same
precision as roof, envelope, or simulation-based façade studies. For conservation and
adaptive reuse, this finding is important: preserving traditional hot-arid buildings should
include the preservation and informed adaptation of environmental performance princi-
ples, not only the material fabric or visual form. This is particularly important because
conservation-oriented passive retrofitting must also respect the structural vulnerabilities of
traditional masonry buildings; evidence from earthquake-damaged rural masonry houses
in Turkey shows that weak mortar, irregular stone bonding, insufficient tie beams, and
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poor wall connections can strongly affect the durability and safety of traditional build-
ing fabric [53]. Vernacular climate intelligence can support low-energy retrofitting if it is
quantified, respected, and integrated carefully.

Courtyard and microclimate strategies also work through combined mechanisms
rather than a single cooling process. Shaded voids reduce direct solar exposure and the
mean radiant temperature; compact spatial layouts reduce exposed surface area; vegetation
or water elements can influence local air temperature and humidity; and surrounding
walls can produce delayed heat exchange through thermal mass. Their performance is
therefore strongly dependent on proportion, orientation, surface material, sky exposure,
ventilation openings, and night-time cooling potential. A courtyard can function as a
microclimatic buffer when shading, mass, and airflow are coordinated, but it can also
retain heat if air movement is weak or if surrounding surfaces store excessive daytime
heat. This reinforces the need to evaluate vernacular spatial strategies as mechanism-based
environmental systems rather than as fixed architectural forms.

4.5. Natural Ventilation, Night Flushing, and Control Sensitivity

Natural ventilation and night flushing are valuable enabling strategies when they are
controlled according to diurnal and seasonal conditions. In hot-arid climates, outdoor air
may remove heat effectively at night or early morning, but the same ventilation pathway
can increase indoor heat stress during peak daytime conditions. The mechanism is therefore
not simply air exchange, but timed heat removal: ventilation must be coordinated with
thermal mass, shading, and internal heat-gain control so that stored heat can be released
when outdoor air is cooler. Night flushing is most effective when exposed thermal mass
can absorb heat during the day and discharge it during cooler periods, whereas daytime
ventilation requires careful control of opening position, airflow path, and solar exposure.
Ventilation, therefore, operates as an interaction strategy rather than a standalone solution:
it can strengthen courtyards, windcatchers, stack effects, and thermal-mass systems, but
it can also undermine passive cooling when introduced at the wrong time or without
adequate shading.

Building aerodynamics evidence further indicates that wind-driven ventilation poten-
tial is strongly shaped by pressure-coefficient distributions across the building envelope.
Wind-tunnel and numerical studies of modular building forms show that pressure and
suction zones vary across windward façades, roof surfaces, and leeward areas, affecting the
driving forces available for openings, collectors, or façade-integrated airflow devices [54].
For passive cooling interpretation, this means that windcatchers, selective openings, and
night-ventilation paths should not be assessed only by available wind speed; they also
require attention to building geometry, façade orientation, opening placement, and the pres-
sure differential between inlet and outlet zones. This aerodynamic perspective strengthens
the control-sensitive interpretation of natural ventilation adopted in the matrix.

4.6. Methodological Contribution and Future Research Agenda

The methodological contribution of this review lies in converting heterogeneous evi-
dence into a transparent decision framework. Relative to conventional review synthesis, the
matrix should be read as a translation tool between heterogeneous performance evidence
and early-stage design judgment. A conventional review can show that a strategy reduces
indoor temperature, cooling load, or discomfort hours, but such evidence alone does not
indicate whether the same strategy is robust under water scarcity, dust exposure, limited
maintenance capacity, retrofit constraints, or uneven evidence quality. The matrix addresses
this gap by separating what a strategy can achieve thermally or energetically from the
conditions under which it can be implemented reliably. Its practical value, therefore, lies in
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supporting comparative screening: low-water roof and envelope measures can be identified
as robust baseline interventions, evaporative and windcatcher systems can be treated as
high-performance but conditional options, and ground-coupled or integrated packages can
be assessed according to site dependency, complexity, and evidence strength. Temperature
reduction, energy savings, comfort hours, airflow rates, CO2/IAQ indicators, and cooling-
load reductions cannot be pooled into a single effect size without distortion. The decision
matrix addresses this problem by separating performance potential from implementation
suitability. These implementation dimensions are discussed further below because they are
central to the engineering relevance of passive cooling strategies. Future studies should
also test passive cooling strategies under future climate scenarios, particularly for housing,
schools, and public buildings exposed to increasing overheating risks [11,38,40].

4.7. Economic Feasibility, Durability, and Practical Implementation Considerations

Economic feasibility is a critical implementation dimension for passive cooling, but
it is not reported consistently across the mapped evidence base. The present review
did not conduct a life-cycle cost analysis or cost–benefit modeling, because the included
studies used heterogeneous methods and only some reported cost, durability, or long-term
operational data. Nevertheless, the decision matrix helps identify where economic and
life-cycle considerations are likely to affect practical applicability.

Low-water and low-complexity strategies, such as cool roofs, high-albedo coatings,
roof shading, external shading, and selected envelope measures, may have stronger retrofit
potential because they can often be implemented without major structural alteration or
mechanical-system integration. Their long-term performance, however, depends on surface
durability, dust accumulation, reflectance degradation, local construction quality, and
maintenance access. In hot-arid climates, these factors are not secondary details: dust
deposition and material aging can reduce optical and thermal performance, while poor
installation can weaken the expected energy benefit.

Evaporative, windcatcher, and PDEC-based systems raise a different implementation
profile. Their thermal-performance potential can be high in dry climates, but their economic
feasibility depends on water availability, wet-media replacement, hygiene management,
control reliability, and maintenance capacity. Where water scarcity, poor maintenance
infrastructure, or limited operational supervision are present, the life-cycle burden of
these systems may offset part of their thermal advantage. For this reason, the matrix
classifies such strategies as high-performance conditional options rather than universally
robust solutions.

Earth-to-air heat exchangers and ground-coupled systems also require careful imple-
mentation assessment. Their cooling potential can be substantial, but initial installation
cost, excavation requirements, soil conditions, pipe durability, condensation risk, cleaning
access, and long-term maintenance can limit applicability, especially in retrofit contexts. By
contrast, courtyard, shading, and microclimatic strategies may be economically attractive
when integrated into early design stages, but their retrofit feasibility depends on avail-
able space, building morphology, heritage constraints, and the possibility of modifying
circulation, openings, or exposed surfaces.

For architects and engineers, these findings suggest a staged implementation logic.
Passive cooling selection should begin with robust, low-water, low-maintenance heat-gain-
reduction measures, then consider spatial buffering and controlled ventilation, and only
then introduce water-dependent or technically complex systems where site conditions,
maintenance capacity, and operational governance support them. For policymakers and
retrofit programs, the same logic implies that passive cooling guidelines should not promote
strategies solely on the basis of peak temperature reduction. They should also consider
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affordability, maintenance infrastructure, water sensitivity, durability, local construction
capacity, and the expected service life of the intervention.

4.8. Limitations

This review has several methodological limitations that should be considered when
interpreting the findings. First, the search was limited to Scopus and Web of Science
Core Collection. These databases provide broad coverage of peer-reviewed literature in
architecture, building science, environmental design, and energy performance, but they
do not cover all regional journals, technical reports, professional guidelines, or locally
published studies on vernacular and passive cooling practices. As a result, some relevant
evidence may have been missed.

Second, the review included only English-language journal articles and reviews pub-
lished between 2010 and 2026. This restriction improved screening consistency and fo-
cused the review on recent peer-reviewed evidence, but it may have excluded relevant
non-English studies from hot-arid regions, where passive cooling knowledge is often doc-
umented in local languages. It may also include underrepresented older but technically
relevant vernacular or bioclimatic design literature.

Third, gray literature was excluded. Reports, design manuals, policy documents,
professional case studies, and post-occupancy evaluations may contain valuable informa-
tion on maintenance, cost, durability, water use, and long-term operation. Their exclusion
strengthened the peer-reviewed evidence base but limited the ability of the review to
capture implementation experience outside of academic publishing.

Fourth, publication bias may affect the mapped evidence. Studies reporting successful
or measurable passive cooling performance are more likely to be published than studies
showing weak, failed, or inconclusive results. This may lead to an overrepresentation of
positive performance evidence, particularly for simulation-based or experimental studies.
The decision matrix, therefore, treats evidence strength and implementation suitability
cautiously rather than assuming that reported thermal effects are universally transferable.

Fifth, climate classification involved a degree of uncertainty. The review prioritized
studies explicitly located in hot-arid, hot-dry, desert, BWh, or closely comparable dry
climatic contexts, but not all papers reported climate classification with the same precision.
Some studies used city names, regional descriptors, or general climatic terminology rather
than standardized Köppen–Geiger categories. Where climate relevance was incomplete or
transferable rather than explicit, the study was scored more cautiously in the matrix.

Finally, the review employed a prioritized full-text synthesis because the aim was to
construct a decision matrix grounded in extractable performance evidence. This approach
strengthened the relevance of the analytical evidence base, but means that not all potentially
relevant records from the broader screening universe were assessed at the full-text level. In
addition, the heterogeneity in study designs, building types, metrics, and simulation or
monitoring methods prevented statistical meta-analysis. The matrix should therefore be
interpreted as a structured evidence-mapping and decision-support framework, not as a
pooled quantitative estimate of passive cooling effectiveness.

5. Conclusions
This systematic mapping review examined passive cooling strategies for traditional

and contemporary buildings in hot-arid climates and developed an energy-efficiency
decision matrix to support climate-responsive design decisions. By synthesizing Scopus and
Web of Science Core Collection records published between 2010 and 2026, the study moved
beyond a descriptive review of passive cooling techniques and proposed a structured
framework for evaluating performance, applicability, and implementation constraints.
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The findings show that passive cooling in hot-arid climates operates as a layered
environmental design system. Heat-gain prevention, solar reflection, evaporative cooling,
controlled ventilation, microclimatic buffering, thermal-mass modulation, and ground-
coupled heat exchange work at different scales. The effectiveness of a strategy depends not
only on reported temperature reduction or energy-saving potential but also on climate com-
patibility, building type, water dependency, maintenance requirements, retrofit feasibility,
and evidence strength.

The decision matrix contributes to the literature by distinguishing between perfor-
mance potential and implementation suitability. This distinction is critical for hot-arid
regions, where the most thermally effective solution may not always be the most sustain-
able, affordable, or operationally reliable one. Evaporative cooling can achieve substantial
temperature reductions in dry climates, yet its appropriateness depends on water avail-
ability and maintenance capacity. Reflective and ventilated roof strategies may offer more
moderate cooling effects but stronger long-term applicability due to low water demand
and simpler implementation. Although the review does not provide a formal life-cycle cost
assessment, it shows that economic feasibility and long-term applicability depend strongly
on the interaction between thermal benefit, water demand, maintenance capacity, material
durability, and retrofit complexity.

The study also shows that traditional and contemporary passive cooling systems
are not separate categories. They frequently rely on shared physical mechanisms such as
shading, airflow induction, thermal storage, evaporation, and controlled exposure to envi-
ronmental sinks. Contemporary technologies such as cool roofs, dynamic façades, PDEC
towers, PCM-enhanced envelopes, and earth-to-air heat exchangers can be interpreted as
technical extensions of long-established climatic design principles.

The review also has limitations, as discussed in the dedicated limitations subsection.
These include database coverage, English-language and peer-reviewed journal restrictions,
exclusion of gray literature, possible publication bias, uncertainty in climate classification,
prioritized full-text synthesis, and heterogeneity of methods and performance metrics.
These limitations mean that the matrix should be interpreted as a transparent evidence-
mapping and decision-support framework rather than as a pooled quantitative estimate or
universal ranking of passive cooling strategies.

Overall, the study demonstrates that passive cooling in hot-arid climates should be
evaluated through a multi-criteria decision logic rather than through isolated thermal
performance indicators. The proposed Energy-Efficiency Decision Matrix provides a struc-
tured framework for comparing passive cooling strategies according to energy relevance,
climatic fit, comfort contribution, water sensitivity, implementation complexity, mainte-
nance implications, and evidence strength. By linking systematic evidence mapping with
design-oriented decision support, the study offers a transferable basis for low-energy build-
ing design, retrofit planning, and climate-responsive adaptation in hot-arid regions. For
practitioners, the framework is intended to support early-stage comparison rather than
replace project-specific simulation, cost analysis, or engineering design; it helps architects,
engineers, and policymakers identify which strategies should be prioritized, which require
additional feasibility checks, and which are conditional on water availability, maintenance
capacity, or site-specific constraints.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en19133146/s1. Supplementary Table S1: Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews (PRISMA-ScR)
Checklist. Reference [29] is cited in Supplementary File.
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