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climatic conditions, reflecting a transition toward more comprehensive, resilient, and
sustainable design approaches. Moreover, the incorporation of artificial intelligence
techniques and predictive control systems has opened new opportunities for operational
automation and improved building energy efficiency. Within this context, the present
systematic review synthesizes methodological advances, emerging applications, and current
trends in the use of CFD and open-source platforms for indoor thermal comfort assessment
in architecture, identifying their main contributions, technical limitations, and future
research directions.
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I. INTRODUCTION

Over the past decade, Computational Fluid Dynamics (CFD) has assumed a prominent role in the assessment of thermal comfort
within controlled architectural environments due to its capacity to model, with a high level of detail, airflow patterns, heat transfer
processes, and the spatial distribution of thermo-environmental variables [1].

Journal homepage: www.itegam-jetia.org



ITEGAM-JETIA, Manaus, v.12 n.60, p.95-107, July/August, 2026.

These capabilities have enabled researchers and architectural design professionals to optimize indoor environmental conditions,
contributing both to improved occupant quality of life and enhanced building energy efficiency [2]. A significant advancement in this
field has been the incorporation of human thermophysiological models into CFD simulations, which has enriched the interpretation of
thermal comfort by integrating the dynamic interaction between the human body and its immediate thermal surroundings. This approach
has enabled more realistic estimations of users’ physiological and perceptual responses to microclimatic variations [3]. In parallel, the
expansion and consolidation of open-source platforms have democratized access to these technologies, extending their implementation
beyond specialized laboratories and facilitating their adoption in smaller academic and professional contexts, as well as in studies
addressing urban microclimates and outdoor thermal comfort [4]. Numerous studies have leveraged the potential of CFD to analyze
comfort conditions across multiple building typologies and spatial scales. In office buildings, for instance, the evaluation of temperature
distribution and CO: concentrations has provided key evidence for the design of more efficient ventilation systems. Similarly, passive
strategies such as solar chimneys have been investigated to enhance natural ventilation and reduce energy consumption [5-7]. In the
transportation sector, the integration of CFD with thermophysiological models has enabled the simulation of passenger thermal comfort
by accounting for variables such as airflow, temperature, and vehicle occupancy [8]. Complementarily, recent systematic reviews have
documented the evolution of thermal comfort models, highlighting the need to incorporate contextual factors including climatic
conditions, environmental characteristics, and user profiles to achieve more accurate and adaptive predictions [9]. Urban growth has
further stimulated interest in city-scale microclimate studies, where CFD has proven to be a robust tool for analyzing urban thermal
behavior and supporting the development of sustainable planning strategies [10]. More recently, the integration of artificial intelligence
techniques into thermal management systems has opened new opportunities for predictive control, operational automation, and the
simultaneous optimization of comfort and energy consumption through the use of real-time data [11], [12]. Within this context, the present
study conducts a systematic review aimed at synthesizing the most significant advances in the application of CFD and open-source tools
for thermal comfort assessment in controlled architectural environments over the past decade, identifying methodological trends, technical
contributions, current limitations, and future research directions.

Il. METHODOLOGY
1.1 STUDY DESIGN

The present study corresponds to a systematic literature review aimed at identifying, analyzing, and synthesizing scientific
evidence related to the application of Computational Fluid Dynamics (CFD) and open-source platforms for thermal comfort assessment
in controlled architectural environments. The review was conducted in August 2025 and developed in strict accordance with the
methodological guidelines established by the PRISMA statement [13], with the objective of ensuring transparency, reproducibility, and
traceability throughout the processes of searching, screening, evaluation, and synthesis of the included studies [14]. The flow diagram
describing the identification and screening stages of the articles is presented in Figure 1.

[ Identification of studies through databases ]
o
Records identified from- Rﬂcofds deleted before scrﬂem'ng:
E Science Direct (n=930) Duplicate records removed (n= 60)
: Scopus (n="751) > R.eclords marked as ineligible by automation
Scielo (n=163) toc.:s
PudMed (n=36) (n=1200)
s
S l
Records examined Excluded records
(n=620) (n=346)

:

Articles searched for retrieval Articles not recovered
(n=274) (n=83)

'

Articles evaluated for eligibility Bxcludedarticles:
(n=191) S — Not relevant to the research

context (n=157)
l

g Studies included in the review

A4

Eligibility and Screeni

(n=34)

Figure 1: Development approach of the bibliometric review.
Source: Authors, (2026).

1.2 RESEARCH DESIGN

The bibliographic search strategy was carried out by consulting high-impact, multidisciplinary scientific databases, including
ScienceDirect, Scopus, PubMed, and SciELO, in order to ensure the comprehensiveness and quality of the retrieved sources. To define
the search terms and structure the research question, the P1O framework (Population—Intervention—-Outcomes) was adopted, enabling a
systematic delimitation of the study scope and facilitating the identification of relevant literature.
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Population (P): indoor architectural spaces or controlled built environments in which thermal comfort and occupant well-being
are assessed.

Intervention (I): application of Computational Fluid Dynamics (CFD) techniques and the use of open-source platforms or tools
for the simulation, modeling, and analysis of thermal conditions and airflow behavior.

Outcomes (O): indicators of thermal comfort, energy performance, indoor environmental quality, and simulated thermo-
environmental variables.

This methodological framework enabled a consistent process of data collection, critical selection, and comparative analysis of the
studies, supporting the identification of trends, applications, and research gaps within the field (Table 1) [15].

Table 1: Application of the PIO framework for the definition of search equations.

PI1O Category Keywords

Population "controlled environments”, "indoor spaces”, "thermal comfort zones", "buildings", "architectural environments"

Intervention "computational fluid dynamics”, "CFD", "thermal simulation™, "open source tools", "energy modeling"

Outputs ::thermal cgmfort "evaluation", "temperature analysis"”, "indoor climate modeling”, "comfort improvement",
energy efficiency

Source: Authors, (2026).

Prior to the selection process, inclusion criteria were established to define the thematic scope and ensure the relevance and quality
of the collected evidence. Scientific articles published in English, Spanish, or Portuguese were considered, thereby broadening the
geographical and linguistic coverage of the analysis. Studies focused on the application of Computational Fluid Dynamics (CFD) or open-
source simulation tools for thermal comfort assessment in architectural spaces or built environments were also included. To ensure the
timeliness and relevance of the findings, only studies published within the last ten years were considered. Complementarily, exclusion
criteria were defined to discard works not directly related to the use of CFD or thermal comfort assessment, as well as studies addressing
psychological, political, or other areas unrelated to architecture and thermo-environmental simulation. Duplicate publications, conference
abstracts, opinion papers, systematic reviews, meta-analyses, and other documents that did not provide original evidence were also
excluded to preserve methodological rigor and minimize bias in the synthesis of results.

11.3STUDY POPULATION

The bibliographic search strategy was structured through the systematic combination of keywords and Boolean operators applied
to the title, abstract, and keyword fields (TITLE-ABS-KEY), integrating concepts related to thermal comfort, computational fluid
dynamics (CFD), and thermal simulation. The search string used was:
((TITLE-ABS-KEY (“thermal comfort”) AND TITLE-ABS-KEY (“computational fluid dynamics” OR “CFD”’) AND TITLE-ABS-KEY
(“thermal simulation™))). This approach enabled the precise identification of studies focused on thermal comfort assessment through
thermo-aerodynamic simulations in controlled architectural environments. Using this strategy, a total of 34 scientific articles were
identified across high-impact specialized databases, including ScienceDirect, Scopus, PubMed, and SciELO. These records constituted
the initial corpus of literature for the screening, eligibility assessment, and subsequent qualitative synthesis, providing the theoretical and
methodological foundation for the present systematic review (Figure 1).

I11. RESULTS AND DISCUSSION
111.1 ANALYSIS OF THE SCIENTIFIC STRUCTURE OF THE RESEARCH FIELD

The search strategy enabled the identification of a total of 1,880 potentially relevant documents. After applying the thematic
preselection criteria, the bibliographic records were exported in CSV format and processed within the RStudio environment, using the
Bibliometrix package to perform bibliometric analysis and construct keyword co-occurrence networks [16]. This approach facilitated a
quantitative exploration of the conceptual structure and thematic relationships present in the literature. Figure 2 presents the keyword co-
occurrence map, where node size reflects the frequency of term occurrence and the links represent the strength of semantic re lationships
among the analyzed studies [17], [18]. The central core of the network is dominated by computational fluid dynamics, which acts as the
main articulating axis of the field and is closely connected to terms such as thermal comfort, ventilation, energy, and indoor environment.
This high density of connections highlights the consolidation of CFD as a cross-cutting methodological tool for simulating thermo-
aerodynamic behavior and assessing indoor environmental performance. Cluster analysis reveals at least two major groupings: a larger
and denser blue cluster associated with direct building applications including thermal comfort, ventilation, indoor air quality, and energy
efficiency which represents the predominant research line; and a more compact red cluster linked to methodological developments and
the computational foundations of CFD, such as numerical modeling and advanced simulation approaches. The interaction between both
clusters suggests a convergence between theoretical advancements and practical applications, indicating a trend toward integrated
frameworks that combine computational accuracy with sustainable architectural design solutions. Additionally, the topological structure
of the network shows a high degree of interconnectivity among clusters, with multiple cross-links connecting methodological terms to
architectural applications, thereby indicating a mature research field undergoing disciplinary integration. The centrality of key nodes and
the proximity among subtopics demonstrate that advances in numerical modeling are directly translated into improvements in thermal
comfort and energy efficiency outcomes, while the absence of isolated groups suggests low thematic fragmentation. Overall, this
configuration reflects an evolution from specialized studies toward interdisciplinary approaches that integrate computational simulation,
environmental performance, and sustainable design.
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Figure 2: Keyword co-occurrence network.
Source: Authors, (2026).

111.2 COMPARATIVE SYNTHESIS OF THE INCLUDED STUDIES AND APPLICATIONS OF CFD IN THERMAL
COMFORT

Table 2 summarizes the studies included in this review, organizing for each publication its specific application of Computational
Fluid Dynamics (CFD), the main benefit or contribution, the evaluated parameters, and the reported conclusions. Collectively, the
reviewed works demonstrate that CFD functions as a thermo-aerodynamic analysis platform capable of addressing both indoor
environmental performance issues such as temperature distribution, air velocity, relative humidity, CO2/contaminant concentrations, and
comfort indices including PMV/PPD and urban microclimate and outdoor ventilation challenges, where specific indicators such as “air
delay” have been proposed to characterize ventilation performance in complex urban geometries [19]. This evidence confirms a shift
toward multivariable assessments, in which thermal comfort is interpreted alongside air quality and energy consumption indicators,
reinforcing the relevance of CFD as a decision-support tool for architectural design. From a thematic perspective, the studies can be
grouped into three predominant research lines. The first focuses on natural ventilation and passive building strategies such as solar
chimneys, windcatchers, cross-ventilation, and evaporative cooling with the aim of enhancing indoor comfort while reducing reliance on
mechanical systems [20-27]. The second integrates CFD with building energy simulation (BES/BPS) or envelopes and material analyses
to quantify impacts on cooling/heating demand and overall efficiency [28-33]. The third research line addresses urban microclimate and
outdoor thermal comfort, including urban geometry, ventilation within street canyons, and morphological solutions such as elevated
buildings, emphasizing the importance of considering non-stationary conditions and realistic configurations [19], [34], [35]. From a
methodological standpoint, a consistent pattern emerges: (i) widespread use of Reynolds-Averaged Navier—Stokes (RANS) models and,
in specific cases, Large Eddy Simulation (LES) or unsteady simulations to capture transient phenomena; (ii) experimental validation
through wind tunnel testing or in situ measurements in ventilation and pollutant dispersion studies, thereby strengthening the reliability
of results [20], [36], [37] ; and (iii) increasing adoption of CFD—human thermoregulation model coupling or machine learning—based
surrogate models aimed at reducing computational costs and enabling faster evaluations in design scenarios [38], [39]. Overall, the table
illustrates the evolution of the field toward integrated approaches that combine numerical accuracy, empirical validation, and practical
applicability to improve thermal comfort, indoor environmental quality, and energy efficiency.

Table 2: Main methodologies and findings of the compiled studies.

- CFD ] Variables S
Study Title Implementation Key Benefit Analyzed Main Findings
stead It a?ﬁrlgz The study introduces a
di v | novel ventilation indicator, “air h d £
CFD and wind- | &imensiona delay,” to improve the The study offers  a
. Reynolds-Averaged ’ s comprehensive  assessment  of
tunnel analysis of outdoor - assessment of outdoor Distribution
S - Navier—Stokes . . . RANS and LES approaches for
ventilation in a real ventilation in complex urban | of air age and the . o s -
(RANS) models and . . .. | evaluating ventilation conditions in
compact  heterogeneous environments. It further | “air delay - :

. - Large Eddy - - - L a real urban setting and introduces a
urban area: Evaluation Simulation (LES) to provides a systematic evaluation | indicator. novel metric o suboort this
using "air delay [19]. - of steady RANS and LES . PP

simulate  outdoor - evaluation.
urban  ventilation approa_ches for urban ventilation

. analysis.
conditions.
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The proposed method

CFD  was | enables efficient wind-flow The orous  modelin
employed to model | modeling in urban areas with Wind flow aooroach  in ?’;FD has roveg
CFD simulation of | the urban | elevated  buildings  while | patterns, the impact Ppro: ; ; P
. . ; . A L effective for simulating wind flow
the wind flow under lift-up | microclimate, with | maintaining a balance between | of ground-floor -
o . . L . beneath elevated buildings,
buildings using a porous | particular emphasis | computational cost and | geometry, and urban b .
- . . PR providing an optimal trade-off
approach [35]. on simulating wind | accuracy, which is critical for | thermal comfort between predictive accuracy and
flow beneath | urban thermal comfort | conditions. P . y
S computational efficiency.
elevated buildings. assessment and  heatwave
mitigation.
CFD
modeling methods The study examines a
are proposed and | prototype induction unit Temperatur The wall induction system
Experimental experimentally designed for hospital wards, e distributign and maintains normalized contaminant
study and CFD modelling | validated to assess | featuring a water-free system CO.  concentration concentrations near hospital beds by
of four-bed hospital ward | the ventilation and | with low air supply velocity, and (use2 d as a Drox promoting displacement ventilation,
with all-air wall induction | thermal integrates experimental indicator P f0¥ with low-flow air supply from the
unit for air-conditioning | performance of an | measurements  with  CFD airborne lower section of the wall corner
[36]. all-air wall | simulations to enable a contaminants) demonstrating effective
induction unit | comprehensive  performance ' performance.
installed in  a | evaluation.
hospital ward.
CFD is
employed to
evaluate the The study optimizes The stud rOD0SES
Obtimization  of influence of window | classroom window design to co optimized windgw P d%si 0
P position, width, | enhance indoor air quality and 2 P g

classroom window design

height, and elevation

thermal comfort, employing the

concentration levels

parameters aimed at reducing CO:

usingg CFD and the . . S 2 and the risk of draft | concentration levels and mitigating
. from the floor on | Taguchi method in combination | . - -
Taguchi method [40]. . - - discomfort. draft risk in classroom
CO: concentration | with CFD to efficiently evaluate -
- . : environments.
levels and draft risk | and optimize design parameters.
within a classroom
environment.
A validated
CFD  model is
integrated with
_ Assessing the | Building The study quantifies the Building o Urban greening strategies
impact of urban | Performance - energy demand | significantly reduce cooling energy
. . oo . - effects of urban design and - - f s
microclimate on building | Simulation (BPS) to . . (cooling and heating | demand during heatwave conditions,
- - vegetation on building energy - e
energy demand by | quantify the impact . - - loads) and wurban | while the composition of urban
: consumption, with particular - R :
coupling CFD and | of urban surface . . microclimatic surfaces exerts a  substantial
- L emphasis on cooling loads - : S
building performance | composition on | quri conditions influence on overall building energy
. - - S uring heatwave events. .
simulation [28]. urban microclimatic (temperature). requirements.
conditions and
building energy
demand.
Steady
three-dimensional
Reynolds-Averaged
Navier—Stokes
Cross-ventilation | (RANS) simulations The study examines the The location of the openings
in a generic isolated | are employed to | influence of louvered openings Airflow significantly influences ventilation
building equipped with | model cross- | on natural ventilation | velocity performance, and CFD simulations,

louvers: Wind-tunnel
experiments and CFD
simulations [20].

ventilation in a
building  equipped
with louvers, with
CFD results
validated  against
wind tunnel
experiments.

performance, a critical factor for
enhancing indoor air quality and
achieving thermal comfort.

distributions and air
exchange efficiency.

when experimentally validated, are
capable of accurately predicting
cross-ventilation behavior.
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CFD
simulations are
employed to
generate  training
. datasets for machine The study investigates
Evaluation of - - - .
. . learning models | the application of machine Decision tree—based
supervised machine | _; o - - .
learni - aimed at predicting | learning techniques to Airflow approaches and support vector
earning regression | . - - s . L ; ;
indoor airflow | efficiently predict indoor airflow | velocity fields and | regression models represent viable
models for CFD-based | . . . . ith h . h ial distributi | - | ks f
surrogate  modelling i dlstrll_)utlon, with | patterns, t ereby reducing the | spatial distribution alternatives to neural networks for
; . . machine  learning | computational burden | data. the prediction of indoor airflow
indoor  airflow  field . . .
. acting as a surrogate | associated with CFD patterns.
reconstruction [38]. . : .
modeling approach | simulations.
to reduce
computational costs
and accelerate
predictions.
CFD
simulations are
Pollutant  cross- employed to assess .
Lo the Cross- The study examines how .
transmission in courtyard - - . - Courtyard design
N - transmission of | courtyard design configurations Pollutant . - -
buildings: Wind tunnel | . . - configurations can significantly
- indoor and outdoor | may promote contaminant cross- | concentration levels | . e
experiments and contaminants in | transmission, highlighting a | and airflow influence _ the  transmission  of
computational fluid A . mgnlignting VT contaminants between indoor and
- courtyard-type critical indoor air quality issue in | distribution patterns. -
dynamics (CFD) o - L - outdoor environments.
- buildings, with | residential building complexes.
evaluation [37]. .
results validated

against wind tunnel
experiments.

CFD is
gmplo_yed to _The study evall_Jate_:s the _ _Natural _ The article highlights the
. investigate natural | potential of natural ventilationas | ventilation,  wind- . -
Sustainable ventilation strategies | a sustainable alternative to | induced ventilation critical role of natural ventilation
ventilation strategies in | . aeg ; : e ' | strategies in architectural design for
P in buildings, | mechanical air conditioning, | stack-effect .
buildings: CFD research . - . S enhancing human thermal comfort
particularly ~ wind- | enhancing  human  thermal | ventilation, and - -
[21]. - P - and promoting  environmental
driven  ventilation | comfort and reducing overall | human thermal LoD
; sustainability.
and stack-effect | energy consumption. comfort.
mechanisms.
CFD
Experimental and simulations are The study investigates | . .Thermal The study provides valuable
R employed to - insulation Lo . o
CFD Investigation on the the potential of aerogels as a insights into the application of
L evaluate the thermal . : . performance, . .
Application for Aerogel high-performance insulation . aerogel insulation systems to
- . o performance of - aerogel  materials, | . .
Insulation in  Buildings - . material to enhance energy improve overall building energy
aerogel  insulation - . o and heat transfer
[33]. B, efficiency in buildings. - performance.
materials in building mechanisms.
applications.
Unsteady-state Unsteady- The study assesses the Outdoor The findings underscore the
CFD simulations on the | state CFD | dynamic effects of building | thermal comfort | importance of accounting for
impacts of urban geometry | simulations are | layout on airflow behavior and | conditions,  urban | unsteady wind conditions when
on outdoor thermal | employed to assess | outdoor thermal comfort in | morphology, evaluating urban thermal comfort.
comfort within idealized | the impact of urban | urban environments, | building
building arrays [34]. geometry on | highlighting  their  critical | configuration, and
outdoor thermal | importance for urban planning | airflow distribution

comfort conditions.

and sustainable design

patterns.

CFD modeling of
the building integrated
with a novel design of a
one-sided  wind-catcher
with water spray: Focus on
thermal comfort [22].

CFD
simulations are
employed to model
and evaluate a
building integrated
with an innovative
single-sided  wind
catcher
incorporating a
water spray system.

The study evaluates the

potential of this innovative
design to enhance natural
ventilation performance and

improve indoor thermal comfort
in buildings

Natural
ventilation
strategies,
evaporative cooling,
wind catcher design
configurations, and
thermal comfort
performance.

The study evaluates the
effectiveness of the proposed wind
catcher design in enhancing indoor
thermal conditions and overall
thermal comfort.
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CFD is used
to evaluate and
compare indoor air

Indoor  Thermal o The study provides Indoor air

. L velocities and the | . - - . The research analyzes the
Environment in Different information on the evolution of | velocity,  thermal . -

. thermal - S . effectiveness of natural ventilation
Generations of Naturally . .| natural ventilation strategies in | environment, - - .

. | environment in - . o . i in providing comfortable indoor
Ventilated Public different cenerations residential buildings and their | natural ventilation, environments under  Sineapore’s
Residential Buildings in £ g n impact on indoor thermal | residential limati o, eap
Singapore [41] or natura Y | comfort buildings climatic conditions.

' ventilated public ' '
residential
buildings.
CFD is used
. to evaluate the
CFD Evgl_uat!on thermal The study evaluates the The research  provides
of Thermal Conditioning P : - Thermal : - :
: - conditioning potential of solar chimneys to S information on the design and
in a House of Social . . - conditioning, solar . .
. performance of a | provide passive cooling and . effectiveness of solar chimneys for
Interest with a Solar . it St . chimney, natural . . . R
; .| social housing unit | improve indoor thermal comfort . thermal regulation in residential
Chimney Arrangement in - . ; ventilation. L
Guanajuato, Mexico [23] that incorporates a | in dwellings. buildings.
' " | solar chimney
system.
CFD is used The study investigates The research  provides
Natural - Natural . - .

o to evaluate the | how natural ventilation can be B information on the design of

Ventilation in Low-Cost A . . ventilation, low-cost . .
Housing: An Evaluation pen‘ormancg2 ) (_)f optlmlzed_ to improve |nd(_)0r housing indoor effectlye na_tural _ventllatlon systems
b ; natural ventilation in | comfort in affordable housing ' for residential buildings, particularly
y CFD [24]. - . comfort. . -
low-cost housing. solutions. in the context of low-cost housing.
. CRDIS used The combined use of
to simulate thermal . .
Energy simulation | environments in radla_ng . panels _and air Energy
. . conditioning provides  an - The study proposes a case
and CFD coupled analysis | residences, - . consumption, e
. - . optimal solution for thermal where energy efficiency and comfort
for the optimal operation | specifically  those . . . thermal  comfort, . L
: . - . control in residences, balancing . - are achieved through the joint use of
of combined convection | with combined e relative  humidity, . " ;
- - - energy efficiency and comfort. air conditioners and radiant panels,
and radiant air | radiant panels and and

conditioning considering
dehumidification [29].

air-conditioning
systems, including
the  effects  of
dehumidification.

The developed simulation tool
may  assist in  product
development and  building
material design.

dehumidification
effectiveness.

with a limited number of panels
enabling balanced operation.

CFD
simulation is used to
investigate the Indoor
effectiveness of Cross-ventilation thermal  comfort
Influence of cross- | natural ventilationin | . — . . ' Cross-ventilation
ventilation cooling | a high-rise building IMproves ventllgtlve cooling | operative significantly reduces discomfort
. : - efficiency, ensuring acceptable | temperature, :
potential on thermal | in India, together | . o - hours and operating temperatures,
. . . . L indoor thermal conditions even | discomfort  hours, - . . .
comfort in  high-rise | with building energy | . . —_— providing a passive cooling solution
L . - . in adverse climates. It reduces | natural ventilation . . s
buildings in a hot and | simulation. It - - - for energy savings in high-rise
LY - .| cooling energy demand and | cooling potential, -
humid climate [25]. determines  wind lectrici . igh | buildings.
induced _ pressure electricity consumption. nig I_t structura
distribution to cooling.
evaluate indoor
ventilation.
Improving Natural to SEJ';D ® uiﬁg The study explores how Wind
Ventilation  Multi-Story y . Y €xp catcher designs and The research contributes to
- . performance of | wind catchers can enhance S . - .
Buildings within Hot and - - L - .~ | their impact on | strategies for improving natural
a ) wind catchers in | natural ventilation, which is - o2 .
Dry Climates: A CFD - - natural ventilation | ventilation through wind catchers,
. multi-story crucial for energy and carbon . . -
Study of Windcatcher performance in hot | focusing on energy conservation.

Performance [26].

buildings to improve
natural ventilation.

conservation.

and dry climates.

Evaluation of
passive cooling through
natural ventilation

strategies in  historic
residential buildings using
CFD simulations [27].

CFD
simulations are used
to evaluate the

efficiency of natural
ventilation strategies
in a historic
residential structure.

Natural ventilation can
save energy by reducing the
need for mechanical systems in
historic buildings, helping their
preservation.

Efficiency
of different natural
ventilation
approaches, thermal
comfort, energy-
saving potential.

The study demonstrates that
natural ventilation strategies,
especially  cross-ventilation, can
provide energy savings and maintain
thermal  comfort in  historic
buildings.
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Thermal
performance of an

CFD is used
in a new model that
combines ray-
tracing and CFD to

The study explores a
adaptive  fenestration
system that can offer dynamic

new

Solar
transmittance, solar
heat gain coefficient

The proposed system can
reduce solar transmittance and heat

advanced smart | investigate the requlation of solar ener (SHGO), and | gain, resulting in better thermal
fenestration systems for | thermal and optical reguiati S 9y, dynamic  thermal | performance with lower summer
2 - improving  building  energy - - .
low-energy buildings [32]. | properties of smart officienc performance in | gains and lower winter heat losses.
fenestration Y summer and winter.
systems.
CFD is used

Thermal
Environment Analysis and

to investigate the
thermal

The study aims to find

Supply air

S environment of a - . temperature, cooling The study  determines
Optimization for Large B control strategies to achieve - .
- ; large building and to - surface temperature, | optimal control variables to balance
Space Buildings  with energy  conservation  and - . . )
: - . analyze control - - .~ | cooling  capacity, | cooling capacity and thermal
Radiant Cooling Floors: A - - environmental improvement in .
. strategies for radiant S and predicted mean | comfort.
Case Study of Xianyang . large-space buildings.
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Source: Authors (2026).
111.3 TRENDS IN THE USE OF CFD IN ARCHITECTURAL SPACES

Computational Fluid Dynamics (CFD) has become, over the past decade, a key methodological tool for analyzing the
environmental and energy performance of the built environment, expanding its scope beyond strictly engineering applications to address
challenges specific to architecture and urban planning. Traditionally employed in the field of computational wind engineering, CFD has
demonstrated a strong capability to model complex phenomena such as airflow behavior, heat transfer, and contaminant dispersion, which
has encouraged its adoption in studies related to pedestrian wind comfort, urban ventilation, air quality, and outdoor thermal conditions
[19]. This versatility has enabled more accurate assessments of the interaction between urban morphology, local microclimates, and
occupants’ thermal well-being, thereby establishing CFD as a relevant technical support tool for sustainable urban planning and design.
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At the building scale, the synthesized evidence reveals a clear trend toward applications aimed at optimizing indoor thermal
comfort through passive and low-energy strategies, such as natural ventilation, cross-ventilation, solar chimneys, wind catchers, and
evaporative cooling systems. In these studies, CFD is employed to analyze variables including air temperature, airflow velocities, CO:
concentration, relative humidity, and comfort indices (PMV/PPD), enabling the evaluation of design configurations and the validation of
architectural solutions with greater quantitative rigor. Furthermore, increasing integration with human thermo physiological models and
experimental validation techniques has been observed, strengthening the reliability of predictions and alignhing simulations more closely
with real occupancy conditions [41]. Complementarily, a methodological evolution toward hybrid approaches that combine CFD with
building energy performance simulation tools and data-driven predictive models has been identified. This coupling allows for the
simultaneous evaluation of local thermo-aerodynamic behavior and its global impact on energy demand, enabling the quantification of
how urban microclimate, building envelope characteristics, and conditioning systems influence energy consumption and overall
performance [32]. Collectively, these trends indicate a shift from isolated modeling applications toward integrated analytical frameworks,
in which CFD serves as a bridge between architectural design, human comfort, and energy sustainability.

111.4 CHALLENGES IN THE APPLICATION OF CFD

Despite its growing adoption in the analysis of thermal comfort and the environmental performance of the built environment, the
application of Computational Fluid Dynamics (CFD) faces several technical and methodological limitations that affect the accuracy and
feasibility of its results. One of the primary challenges lies in the faithful representation of real urban environments, which are
characterized by highly complex geometries, morphological heterogeneity, and multiple spatial scales. Due to these difficulties, many
studies rely on simplified or idealized configurations, which may reduce the ability of simulations to capture local phenomena such as
ventilation patterns, recirculation zones, or heat accumulation typical of real urban contexts. From a computational perspective, CFD
simulations particularly transient or high-fidelity approaches such as Large Eddy Simulation (LES) require considerable computational
time and hardware resources, limiting their applicability in parametric studies or iterative design processes. Consequently, many studies
adopt steady-state models based on Reynolds-Averaged Navier—Stokes (RANS), which offer a reasonable trade-off between accuracy
and computational cost, albeit with reduced capability to resolve complex turbulent structures [40]. In addition, simulation results are
highly sensitive to technical decisions such as mesh resolution, turbulence model selection, boundary condition definition, and the quality
of climatic and geometric input data, factors that may introduce significant uncertainty if not properly controlled. In indoor applications,
further challenges persist regarding the modeling of occupants’ dynamic behavior, variable furniture layouts, and real space-use patterns,
all of which directly influence airflow distribution, effective ventilation, and thermal perception. Finally, CFD model validation remains
a critical requirement to ensure the reliability of predictions; however, acquiring high-resolution experimental data whether through in
situ measurements or wind tunnel testing is often costly and complex, particularly in dense urban environments or specific configurations,
thereby limiting the empirical verification of numerical models [38]. Overall, these challenges highlight the need to advance toward
hybrid methodologies, robust validation frameworks, and more computationally efficient tools that can broaden the applicability of CFD
in architectural practice.

111.5 OPPORTUNITIES FOR THE USE OF CFD IN ARCHITECTURAL SPACES

Computational Fluid Dynamics (CFD) offers a wide range of opportunities to strengthen environmental analysis and the
sustainable design of the built environment, particularly in the evaluation of urban ventilation strategies aimed at improving air quality
and mitigating pollutant accumulation in densely built areas. Its ability to simulate complex flow patterns, air dispersion, and renewal
processes enables the identification of morphological configurations and design solutions that enhance pedestrian comfort and reduce
exposure to atmospheric contaminants, thereby contributing to resilient and healthy urban planning [20]. At the building scale, CFD
enables the optimization of thermal performance through the design and validation of passive strategies such as natural ventilation, cross-
ventilation, and convective cooling, reducing reliance on mechanical conditioning systems and lowering the energy and carbon footprint
of buildings. Moreover, the detailed analysis of variables such as air temperature, relative humidity, airflow velocities, and spatial heat
distribution allows for the estimation of thermal comfort indices with higher spatial resolution, supporting evidence-based design
decisions adapted to local climatic conditions [32]. Complementarily, the integration of CFD with building performance simulation (BPS)
tools significantly expands its analytical potential by enabling the coupled evaluation of interactions among urban microclimate,
architectural envelope characteristics, and overall energy demand. This hybrid approach facilitates the comparison of design scenarios
and the development of optimized solutions that balance thermal comfort, operational efficiency, and environmental sustainability [28].
Furthermore, the flexibility of CFD modeling allows the analysis of specific health and safety contexts, such as contaminant or aerosol
transmission in highly occupied spaces, providing relevant technical insights for the design of safer and more resilient buildings [24].
Collectively, these applications highlight the potential of CFD as a strategic tool for informed decision-making in architecture and urban
planning.

IV. CONCLUSIONS

The evidence gathered in this systematic review confirms that Computational Fluid Dynamics (CFD) has become, over the past
decade, a central tool for assessing thermal comfort and environmental performance in architectural and urban spaces. The bibliometric
analysis, comparative synthesis of studies, and characterization of applications reveal a sustained expansion in its use, both in passive
ventilation and thermal conditioning strategies and in urban microclimate modeling and building energy optimization. Furthermore, the
increasing adoption of open-source platforms, the coupling with building energy simulations (BPS/BES), and the integration with thermo
physiological models and machine learning techniques reflect a transition toward more accessible, integrated, and data-driven decision-
making approaches. Nevertheless, the review also identifies persistent challenges that affect the reliability and scalability of these
applications, including the realistic geometric representation of complex environments, the high computational requirements of transient
high-fidelity models, the sensitivity of results to numerical parameters, and the need for rigorous experimental validation.
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These limitations underscore the importance of advancing toward hybrid methodologies, robust verification frameworks, and
surrogate models capable of balancing predictive accuracy with operational efficiency. Overall, the findings indicate that CFD holds
significant strategic potential during the early stages of architectural design and urban planning, enabling the evaluation of scenarios,
comparison of alternatives, and anticipation of thermal and energy impacts prior to physical implementation. Its consolidation as a
decision-support tool for environmentally conscious design not only enhances thermal comfort and indoor air quality but also contributes
to reducing energy consumption and the carbon footprint of the built environment. Future research should further integrate empirical data,
artificial intelligence, and open-source workflows in order to broaden the applicability of CFD and strengthen its role as a bridge between
computational modeling, human well-being, and sustainability.
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