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Abstract

Traditional courtyard houses in China—particularly in regions such as Inner
Mongolia, Gansu, Henan, and Sichuan—represent vernacular architectural
responses to local climatic conditions. As sustainable residential design gains
momentum, especially in hot temperate climates, there is growing interest in how
these traditional spatial configurations can inform contemporary strategies for
natural ventilation and thermal comfort. This study investigates the potential of
courtyard design, spatial configuration, and building geometry to regulate airflow,
energy, and indoor thermal comfort in residential buildings. A combination of field
measurements, case studies, and computational fluid dynamics (CFD) simulations
was employed to systematically assess the key factors influencing ventilation
performance in courtyard-style buildings. The results underscore the importance
of spatial disposition—particularly the orientation of openings and courtyards
relative to prevailing wind patterns. Greater courtyard width and length, when
paired with windward openings, were proven to significantly enhance wind flow.
Increased building height also contributed positively to stack ventilation; however,
improper vertical proportions may hamper air movement at lower levels. These
findings underscore the need for height optimization based on functional airflow
patterns rather than aesthetic preference alone. Moreover, the study highlights the
importance of correlating CFD models with empirical field data to ensure accuracy
in real-world scenarios, accounting for elements such as surrounding vegetation
and adjacent structures. These insights offer valuable guidance for architects
and urban planners seeking climate-adaptive design solutions in residential
architecture. Ultimately, this research contributes to a framework for improving
thermal comfort and energy efficiency in regions with comparable environmental
climates.

Keywords: Courtyard houses; Natural ventilation; Sustainability; Computational fluid
dynamics; Vegetation; Thermal comfort and climate
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1. Introduction
1.1. Background

Fresh air strategies are receiving increasing attention
in modern green design, particularly for their role in
improving energy efficiency and the thermal comfort
of residential occupants. In regions with hot climates,
such as parts of the Mediterranean, certain construction
forms—such as courtyard-style housing—have been
shown to support effective natural ventilation (Xu et al.,
2018). Insights from these traditional designs reveal how
courtyard houses can adapt to improve indoor climate by
passively cooling or warming interior spaces, aligning with
the principles of the New Theory of Architecture within
climatically distinctive regions such as Inner Mongolia.
Specifically, courtyard houses, which are longstanding
features of Inner Mongolian residential architecture,
provide conducive settings for such studies due to their
spatial organization and adaption to environmental
conditions (Chandel et al, 2016). By examining these
traditional designs, modern architectural practices can
learn from and incorporate their principles to address
current sustainability and comfort goals.

1.2. Research problem

Despite the abundance of research on courtyard
architecture and natural ventilation across different
climates, little has been done to apply these principles to
the unique environmental conditions of Inner Mongolia.
The region faces distinctive seasonal challenges that
require ventilation strategies tailored for cooling in
summer and heat retention in winter (Tafti et al., 2018).
Although previous studies conducted in the Mediterranean
and the Middle East offer comprehensive insights, their
findings are not readily transferable to Inner Mongolia
due to significant disparities in wind regimes, temperature
variability, and seasonal climate patterns.

This discussion can be further extended to other
Chinese provinces with courtyard traditions, such as
Gansu, Henan, and Sichuan. For example, Gansu shares
arid and semi-arid climatic zones with Inner Mongolia,
but its milder winters influence the size and openness of
courtyards (Azimi & Shafaat, 2024). In contrast, Sichuan’s
humid subtropical climate promotes denser urban
courtyard arrangements that incorporate passive cooling.
The hybrid courtyard, prevalent in temperate regions,
illustrates how architectural design can balance thermal
mass and ventilation efficiency across seasons. These
regional differences highlight the necessity of adopting
courtyard ventilation strategies that are responsive to both
microclimatic and sociocultural conditions.

Furthermore, most existing studies on natural
ventilation in courtyard-style buildings rely solely on
either computational fluid dynamics (CFD) simulations
or field measurements, without integration of the two. The
lack of comparative analysis between simulation data and
empirical field measurements hinders a comprehensive
understanding of how courtyard designs perform under
local climatic conditions, revealing a critical gap in this
domain.

1.3. Aims and objectives

The primary objective of this study is to review existing
literature on natural ventilation in courtyard-based
residential buildings in the Inner Mongolia region.
The aim is to synthesize findings from CFD models,
field measurement investigations, and previous studies
to develop a consolidated understanding of strategies
that enhance natural ventilation in such structures.
Furthermore, this research aims to propose architectural
design suggestions for improving thermal comfort in
buildings located in similar climatic zones via spatial
planning and integrated design approaches.

1.4. Research question

This research aims to address the following research
question:

“What strategies can be applied to provide natural
ventilation in courtyard-style residential buildings in
Inner Mongolia to enhance thermal comfort and minimize
energy use?”

1.5. Research rationale

Amid growing awareness of energy efficiency and
sustainability, this research is both timely and necessary.
It contributes to the discussion of sustainable architectural
approaches in extreme climates by examining the relevance
of premodern courtyard designs and their contemporary
applications. Additionally, it addresses a knowledge gap
in the existing literature regarding how specific courtyard
typologies in Inner Mongolia can be improved to optimize
natural ventilation.

1.6. Significance of the research

Thisstudyis particularly relevant toarchitects, planners,and
researchers engaged in sustainable residential architecture.
Its findings aim to inform design strategies that enhance
natural ventilation in courtyard structures, minimize
reliance on mechanical conditioning systems, and improve
perceived indoor environmental quality. Furthermore, the
insights generated can help guide architectural decision-
making in the planning of residential developments in
regions facing similar climatic challenges.
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Figure 1. Single-sided natural ventilation in winter and summer in an office building. Source: Da Graga & Linden, 2016. Copyright © 2016 Building and

Environment.
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Figure 2. Wind rose diagram of Inner Mongolia. Source: Maeng & Hyun,
2020. Copyright ©2020 Applied Sciences.

1.7. Structure of the research

This article is structured as follows:

e Section 1: Introduction - Outlines the research
problem, objectives, and the rationale for conducting
the study

e  Section 2: Literature review - Reviews key studies on
natural ventilation in courtyard buildings

e Section 3: Methodology - Describes the systematic
review approach and synthesis framework

e Sections 4 and 5: Presentation and discussion of
findings - Analyze the reviewed literature and case
studies, with a focus on implications for design
practice and innovation in established firms

e  Section 6: Conclusion - Summarizes the research and
presents design recommendations.

2, Literature review
2.1. Natural ventilation in residential buildings

Natural ventilation is generally referred to as an integrative
ventilation technique that relies on the architectural
aspects of a building to influence the indoor environment
and enhance airflow for both cooling and ventilation.
Typically, naturally ventilated buildings are designed to
minimize the use of mechanical ventilation and cooling

systems, thereby saving energy (Maghrabie et al., 2022).
In hot temperate zones, natural ventilation is imperative
to sustaining thermal comfort without relying on heating,
ventilation, and air conditioning (HVAC) systems. It is
most effective when the building design aligns with local
climatic conditions, including wind direction and speed,
temperature variation, and humidity (Figure 1).

Inner Mongolia experiences a continental climate
characterized by hot summers, significant diurnal temperature
fluctuations, and moderate winds. Average annual
temperatures range from —200] to 307], and relative humidity
is approximately 30% (Rakhmanov et al., 2022). To assess the
effects of these climatic factors on traditional courtyard house
architecture, wind rose diagrams were created (Figure 2).
These diagrams indicate that westerly winds dominate in
winter, while northwesterly and southeasterly winds prevail in
summer (Xu et al., 2020). This climatic data underscores the
need for architectural solutions tailored to seasonal variations.

In residential buildings, natural ventilation typically
involves the strategic placement of openings such as
windows and doors, as well as spatial layouts that facilitate
natural ventilation throughout the building. Elshafei
et al. (2017) emphasized that the design of external
spaces provides the required orientation for effective air
circulation. This is especially evident in courtyard layouts,
where central open spaces function as air inlets and
outlets, enabling the wind to pass through the built form
and promoting natural airflow.

2.2. Courtyard architecture and natural ventilation

The architectural design style examined in this study—
courtyard-style architecture—is a culturally embedded
design principle intended to enhance natural ventilation
and thermal comfort. Traditional 2- and 3-story courtyard
dwellings in Inner Mongolia represent a historically and
environmentally responsive model for integrating natural
ventilation in residential structures (Zhang, 2015). The
orientation of these courtyards in relation to prevailing
wind directions is critical to enhancing airflow within
the building. The flow of natural ventilation is further
influenced by the size and distribution of the courtyards,
the number and openness of the inner courtyards, and the
overall spatial alignment of the building.
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Courtyard architecture in Inner Mongolia is more
than a passive environmental strategy, since it is deeply
rooted in socio-cultural values. The courtyard serves not
only as a climatic buffer but also as a gathering space for
families, intergenerational interactions, and community
rituals. Reflecting Confucian ideals of harmony, order, and
relational living, the spatial hierarchy of these compounds
includes outer walls, side rooms for extended family, and a
central courtyard for daily life. Similar courtyard systems
exist in provinces such as Henan and Sichuan, where spatial
ideologies also emphasize the linkage between private and
communal functions (Wang et al., 2016). Some of these
designs incorporate principles of geomatics (feng shui) or
solar access strategies, such as placing the main hall to the
north and guest rooms to the east and west to optimize
energy flow and lighting.

Cultural traditions continue to influence design choices,
particularly in rural or peri-urban housing developments.
An architectural reading that accounts for cultural
symbolism and everyday courtyard usage reveals how
spatial forms can support social resilience, identity, and
continuity—while also maintaining functional ventilation
performance (Qureshi et al., 2019). Courtyards should
therefore not be viewed merely as spatial units, but rather
as parts of a broader dialectical framework that merges
culture, environment, and architecture.

Inner Mongolia encompasses diverse meteorological
zones—arid, semi-arid, and sub-humid—each shaping
vernacular construction patterns. Traditional courtyard
houses in other provinces, such as Gansu and Henan,
also exhibit region-specific adaptations. In Gansu, where
diurnal temperature variation is pronounced, houses
often use thick earthen walls and sunken courtyards for
insulation (Li et al., 2023). In Henan, where winters are
milder and the southern region receives more rainfall, the
internal courtyards tend to be narrower, with overhanging
eaves to collect rainwater and facilitate ventilation. In
Sichuan’s humid subtropical climate, courtyards are
more compact, with an emphasis on shading and cross-
ventilation to manage high humidity levels. These
regional adaptations illustrate how local geography and
microclimate influence courtyard geometry, material
selection, and ventilation strategies. Comparative analysis
reveals that courtyard features in Inner Mongolia—such
as north-south orientation, high thermal mass walls,
and flexibility in opening sizes—share similarities with
vernacular architecture across other regions of China,
while also reflecting unique regional distinctions.

Traditionally, courtyard houses are constructed with
thick walls for thermal retention, narrow floor plans
oriented away from prevailing winds, and strategically

placed windows to allow for cross-ventilation. In terms
of zonal conception, courtyards tend to be larger in semi-
arid zones to enhance cooling during hot periods, whereas
in arid zones, they are smaller to retain heat during cold
nights. These adaptations exemplify how cultural practices
and environmental considerations are integrated into
architectural solutions.

Functionally, courtyards serve as intermediary thermal
buffers, regulating indoor temperatures by facilitating air
exchange. They act as natural venting systems, expelling
warm air and admitting cooler, fresh air into the building
(Zamani et al., 2018). Traditional courtyard buildings—
especially common in arid and semi-arid areas such as
Inner Mongolia—are designed to manage wind flow
through the courtyard, thereby facilitating passive cooling
via airflow and pressure differentials.

Abass et al. (2016) noted that courtyard configurations
could be adapted to meet specific climatic conditions. In
dry environments, introverted courtyard layouts allow
cool air to circulate within the interior spaces, preserving
thermal comfort. In contrast, extroverted courtyards in
moderate climates promote greater air movements and
thermal comfort (Passe & Battaglia, 2015). This design
flexibility is especially important to Inner Mongolia,
where pronounced seasonal temperature changes require
architectural strategies that accommodate both cooling
and heating needs.

2.3. CFDs and natural ventilation analysis

CFDs tools play a crucial role in analyzing airflow
tendencies and improving natural ventilation strategies in
courtyard-style buildings. This review identified commonly
used software such as ANSYS Fluent and OpenFOAM
for modeling airflow, thermal distribution, and stack
ventilation (Borro et al., 2021). Nevertheless, several
studies have pointed out that assumptions such as steady-
state conditions, simplified geometries, and uniform wind
profiles can significantly limit simulation accuracy (Ricci
et al., 2016). Neglecting elements like adjacent structures,
vegetation, or microclimatic influences may lead to
discrepancies between simulation results and actual field
conditions.

ANSYS Fluent is widely recognized for its ability to
solve complex geometries under various environmental
conditions, making it particularly valuable for detailed
ventilation studies. OpenFOAM, as an open-source
platform, offers flexibility by allowing users to modify
simulations to suit specific architectural configurations.

Most previous studies rely on Reynolds-averaged
Navier-Stokes (RANS) models, which are computationally
efficient but may fail to accurately predict turbulence
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intensity in complex courtyard airflow environments.
Recent advances in hybrid modeling techniques, such as
detached eddy simulation or large eddy simulation (LES),
have improved predictive accuracy for transient wind
conditions. However, these models are computationally
intensive and must be validated against physical
experiments or extensive field data.

This highlights a core limitation of the tools mentioned
above. The high computational demands of complex
models can make fine-grained only detailed calculations
costly. Furthermore, approximate assumptions—such as
constant wind profiles or geometrically simplified building
configurations—can result in significant deviations
between actual and modeled performance (Zhang et al.,
2020). While CFD tools are valuable for revealing airflow
mechanics, their accuracy depends heavily on correctly
inputting influential parameters such as climatic conditions
and material properties.

To increase reliability, CFD simulations must be
validated through comparison with real-world field
measurements. Combining computational techniques
with observational data strengthens conclusions and
enhances their relevance for architectural and engineering
applications in sustainable building design. The integration
of CFD results with real-time sensor feedback and
post-occupancy evaluations represents a promising
development, enabling dynamic calibration and long-term
performance monitoring. Going forward, cross-validation
with empirical field studies and sensitivity analyses across

different seasons and urban densities should be prioritized
as essential directions for future research.

CFDs is especially powerful in modeling the external
environment, including wind speed, direction, and thermal
behavior across different architectural designs (Figure 3).
A study by Cuce et al. (2019) demonstrated that CFD
techniques could effectively evaluate courtyard designs
for their natural ventilation performance. In regions like
Inner Mongolia, where buildings must withstand extreme
climatic conditions, CFD simulations offer a pathway to
optimize conventional and typical Mongolian courtyard
designs in line with contemporary standards of energy
efficiency and thermal comfort. Benni et al. (2016)
applied CFD to investigate airflow in courtyard-shaped
houses under desert conditions. The study discovered that
factors such as the height of enclosing walls and window
placement significantly influenced natural air movement
and indoor temperature. Such findings underscore the
potential of CED to predict architectural design solutions
that maximize natural ventilation without straining energy
consumption.

2.4, Field studies and empirical research on
ventilation performance

In addition to CFD simulations, field measurements and
empirical surveys provide a wealth of information about
the real-world effectiveness of natural ventilation systems.
Field measurements allow researchers to determine how
well passive ventilation strategies perform under current
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Figure 3. Result of computational fluid dynamics simulation under different weather conditions. Source: Porras-Amores et al., 2019. Copyright © 2019

Tunnelling and Underground Space Technology Elsevier Ltd.

Volume 7 Issue 3 (2025)

https://doi.org/10.36922/jcau.7226


https://doi.org/10.36922/jcau.7226

Journal of Chinese
Architecture and Urbanism

Natural ventilation in courtyard dwellings

climatic conditions and in buildings occupied by residents.
Several studies carried out in climatic regions comparable
to Inner Mongolia—such as those by Etheridge (2015)—
offer important lessons on optimizing natural ventilation
in courtyard-style buildings.

Field investigations have confirmed that building
layout, along with the size and placement of courtyards
and other spatial elements, significantly influences natural
ventilation. For instance, field research by Huang et al.
(2015) revealed that buildings with centrally located
courtyards exhibited superior airflow compared to those
with courtyards located toward the periphery. The study
also underscored that windows facing uphill slopes
benefitted from enhanced wind exposure, promoting
natural ventilation and eliminating the need for mechanical
cooling during the summer.

In another study, Omrani et al. (2017) conducted field
measurements on a courtyard house in Gansu province,
China, to evaluate its thermal response and ventilation
performance. The findings indicated that courtyard
arrangement and size had a direct influence on the
ventilation performance, with north-facing courtyards
achieving optimal ventilation under fair summer weather
conditions. These results are especially relevant for Inner
Mongolia, where courtyard-style dwellings share similar
spatial organizations and face comparable environmental
conditions.

2.5. Design considerations for enhancing natural
ventilation in Inner Mongolia

This article highlights that, due to Inner Mongolia’s distinct
climatic conditions, specific design approaches must be
taken to facilitate effective natural ventilation in residential
buildings. Characterized by hot summers and cold winters,
the region demands bi-climatic design approaches that
address both cooling and heating needs. Yu et al. (2016)
observed that the residential structures in this region
tend to be efficient and structurally rigid. Nevertheless,
the flexible and complex layouts of courtyard houses offer
promising opportunities to enhance natural ventilation—
provided there is a thorough understanding of wind
direction, daily and seasonal temperature variations, and
humidity levels.

A prominent aspect that is often considered during
architectural and engineering design is the orientation
of the courtyards relative to prevailing wind patterns.
Aligning buildings with the prominent wind direction can
significantly enhance the ventilation in a room and hence
increase the quality of air indoors (Wang & Malkawi, 2019).
However, courtyard attributes—such as size and shape—
also significantly influence natural ventilation efficiency.

Large, uncovered courtyards promote air circulation,
whereas small, enclosed courtyards tend to trap heat and
restrict airflow.

Table 1 presents the keywords identified in the reviewed
studies, enabling a quick assessment of the focus areas
explored in the literature.

Table 2 summarizes the main findings and
methodologies of selected studies reviewed in this article.

This research began with a comprehensive review
and classification of existing literature on courtyard-
style houses and natural ventilation (Figure 4). Thematic
analysis was then employed to extract key findings—such
as the importance of orientation and thermal comfort
strategies. Finally, conclusions were drawn, and practical
suggestions were proposed to inform contemporary
sustainable architectural practices.

2.6. Long-term performance and occupant feedback

Long-term monitoring and user-based evaluation are
important for assessing the practical effectiveness of
courtyard dwellings, complementing insights gained from
CFD simulations and short-term field measurements.
Previous studies conducted in northern Chinese regions
such as Gansu and Sichuan have applied post-occupancy
evaluation to assess thermal comfort, energy usage, and
ventilation efficiency across different seasons (Chi et al.,
2020). These studies found that traditional courtyard-
style homes consistently reduced the need for mechanical
heating and cooling by 20 - 35% annually. Occupant
surveys conducted over 12-month periods revealed
a preference for natural ventilation strategies during
transitional seasons (spring and autumn). However, users
also reported discomfort due to cold draughts in winter
and heat accumulation in sealed courtyards during peak
summer months. These experiences highlighted the
need for adaptive features such as operable skylights,

Table 1. Keywords in the study

Study focus Keywords

Natural ventilation in
courtyard housing

Natural ventilation, courtyard architecture,
airflow optimization

Computational fluid
dynamics (CFD)

CFD simulation, airflow modeling, wind
direction analysis, ventilation performance

Empirical validation Field measurement, case study analysis,
vegetation impact, adjacent structure

influence

Sustainable design Energy efficiency, thermal comfort, passive

cooling, renewable architecture

Climate adaptation
strategies

Seasonal climate adaptation, stack
effect, cross ventilation, regional climate
considerations
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Table 2. Key findings from the literature review

Author Year Focus area Methodology Key findings
Xu et al. 2018 Courtyard ventilation Computational fluid dynamics ~ Orientation significantly affects cross-ventilation
(CFD) simulations
Tafti et al. 2018 Modern ventilation issues Comparative analysis Modern designs neglect ventilation, leading to inefficiency

Chandel et al. 2016 Traditional designs in Mongolia ~ Field studies

Thick walls improve thermal comfort

Zhang et al. 2020 Seasonal climate adaptation

CFD-+field measurements

Effective stack ventilation during summer and winter

Collecting research articles and

case studies of courtyard type
buildings and natural cross
ventilation

C w (- Organizing
by type of analysis such as CFD
analysis, field measurement and
combination of both.

Thematic analysis:

Compared
and contrasting data gathered by
various researches to test
similarities and differences.

Crystalizing recommendations
and guidelines for design of
contemporary applications.

Figure 4. Technical roadmap of the study

Abbreviation: CFD: Computational fluid dynamics.

Source: Diagram by the authors.

retractable shading, and seasonal modifications to window
configurations. To validate CFD predictions, enhance
passive design strategies, and better understand the long-
term socio-environmental dynamics of occupancy, such
user feedback is indispensable. As such, both retrospective
and forward-looking studies should adopt a user-centered
approach, incorporating performance monitoring and data
logging to bridge the gap between theoretical optimization
and real-world performance.

3. Methodology

3.1. Systematic review approach

A systematic review approach was used, as it was deemed
most appropriate for integrating published studies across

various disciplines and study types, thereby ensuring
methodical comprehensiveness in the review process.
Afshin et al. (2016) define a systematic review as a formal
process of identifying, selecting, and critically evaluating
studies that address particular research questions. In
this case, the principal research question focuses on the
identification of strategies that can be used to enhance
natural airflow in 4-story courtyard-based residential
buildings in Inner Mongolia.

The advantages of the systematic review approach are as

follows:

e Comprehensive  coverage: This  methodology
helps reduce the risk of omitting studies critical to
understanding the research topic

o Critical synthesis: A systematic review allows for the
identification of thematic aspects, research gaps, and
emerging trends across a broad body of literature

e Methodological rigor: By following a structured and
coordinated review process, this approach minimizes
bias and enhances the reliability of conclusions and
recommendations.

In the context of this research, the systematic review
includes CFD studies, field investigation, and empirical
case studies on airflow characteristics in courtyard-style
buildings, especially those located in climates similar to
that of Inner Mongolia.

3.2. Data collection process

The data sources for this systematic review were
identified through a four-step process: (i) database search
and retrieval, (ii) article selection, (iii) data extraction,
and (iv) quality assessment. The types of literature
reviewed include research articles, conference papers,
technical reports, and case studies. Google Scholar was
used as the primary source engine for sourcing relevant
literature. To broaden the scope of the review, a series
of keywords was employed during the search, including

» o« » o«

“natural ventilation,” “courtyard architecture;,” “Inner
Mongolia residential buildings,” “computational fluid
dynamics (CFD),” and “airflow optimisation in courtyard

buildings”
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3.3. Inclusion and exclusion criteria

Although the inclusion and exclusion criteria cannot
eliminate all forms of bias, the following guidelines were
adopted to ensure relevance and quality in the selection
of studies. Five key criteria were used to include studies,
with a focus on those addressing the hot-temperate
climate of Inner Mongolia (Haig et al, 2016). Only
literature published within the past 20 years (2003 -
2023) was considered, and only peer-reviewed journals,
conference proceedings, technical and research papers,
and case studies were included. Studies incorporating field
measurements or analytical methods such as CFD were
prioritized to provide a comprehensive perspective on
natural ventilation.

Conversely, studies focused on commercial or non-
residential architectural structures were excluded, as the
present study exclusively targets residential architecture.
Articles presenting only CFD simulations or conceptual
designs without assessing the architectural incorporation
of HVAC systems were also excluded. Additionally, non-
peer-reviewed sources and studies that did not address
natural ventilation enhancement at the building level were
omitted. These criteria ensured that the review remained
focused on high-quality, relevant material that directly
addressed the research questions.

3.4. Data extraction

After screening and selecting the relevant studies, essential
information was extracted using a predefined data
extraction form to ensure consistency and quality. The
following data points were extracted from each study:

Study title and authors

Year of publication

Study objective

Methodology (e.g., CFD, field study, case study)

Key findings on natural ventilation and courtyard
design

Climatic context

e  Building configuration and spatial arrangement

e  Ventilation performance metrics.

This structured data extraction process facilitated the
organization and comparison of findings across different
studies. All extracted data were recorded for further
analysis and synthesis.

3.5. Analysis and synthesis

Following data extraction, the collected data were subjected
to thematic analysis. Rabani et al. (2015) describe thematic
analysis as the process of identifying patterns or themes
within systematically analyzed data. In this study, thematic

analysis was used to categorize the findings into several key

themes:

(i) Impact of spatial arrangement on airflow: This theme
focuses on analyzing the effect of courtyard location,
building orientation, and window sizes on ventilation
performance.

(ii) Building geometry and ventilation efficiency: Studies
focusing on the size, shape, and height of courtyard
buildings were grouped under this theme, aiming to
identify relevant configurations for enhancing fresh
air intake.

(iii) CFD simulations and empirical validation: This theme
combines data from CFD models and case studies,
evaluating both the findings of the models and the
feasibility of computational techniques.

(iv) Climate-specific design considerations: This theme
explores courtyard building features in hot-temperate
climates, such as Inner Mongolia, and identifies
topological adjustments needed to enhance natural
ventilation in such contexts.

Thematic analysis enabled the synthesis of similar
results and the identification of methodological
shortcomings across reviewed studies. For instance,
while CFD analysis provides detailed insights into airflow
patterns (Gopang et al., 2017), it is often not supported by
sufficient experimental validation, highlighting the need
for complementary field investigations.

The systematic review approach adopted in the
present study allowed for the consistent search, selection,
assessment, and synthesis of the existing body of literature
on natural ventilation in courtyard housing, with a specific
focus on the climatic characteristics of Inner Mongolia.
The review provides a conceptual model of how courtyard
design can enhance natural ventilation, integrating findings
from CFD simulations, field studies, and empirical studies.
This thematic analysis is expected to be of significant
relevance to architects and urban planners, supporting
the development of efficient ventilation strategies that
minimize energy use and improve thermal comfort in
residential dwellings.

4, Results and analysis
4.1. Impact of spatial arrangement on airflow

Layout type—particularly open compounds surrounded
by enclosed buildings—is a key determinant of natural
ventilation. Multiple studies have demonstrated that the
positioning and design of structures significantly affect
ventilation patterns within courtyards and surrounding
areas (Lee & Mak, 2021). Prior studies revealed that
buildings with different orientations show varying levels of
ventilation performance, with windward fagcade openings

Volume 7 Issue 3 (2025)

https://doi.org/10.36922/jcau.7226


https://doi.org/10.36922/jcau.7226

Journal of Chinese
Architecture and Urbanism

Natural ventilation in courtyard dwellings

achieving better airflow. This alignment allows for cross-
ventilation, a critical feature, especially during hot summer
months.

Previous studies noted that the configuration of
courtyard doors and windows largely determines airflow
capacity. For instance, courtyard layouts featuring multiple
openings on opposite walls exhibited improved ventilation,
as air could circulate more easily through the space (Lu
et al., 2018). In contrast, courtyards with only one or two
small openings created air stagnation zones, characterized
by low air change rates and elevated indoor temperatures
(Figure 5). These findings underscore the necessity of
designing courtyards with an appropriate number and
placement of openings to ensure effective integration of
prevailing winds.

4.2, Building geometry and ventilation efficiency

Architectural features such as courtyard area, shape, and
the geometry of surrounding buildings influence natural
ventilation performance. Research examining the effects
of courtyard size on airflow showed that larger courtyards
facilitated better ventilation due to the greater availability
of free space. Kheiri (2018) found that rectangular or

Spatial arrangement

Ventilation efficiency (increased airflow, lower indoor
temperature, energy savings)

Building geometry

L Building height

4

Improved airflow
efficiency

Optimised temperature
regulation

Figure 5. Relationship between spatial arrangement, building geometry,
and ventilation efficiency in courtyard-style residential buildings
Source: Diagram by the authors.

elongated courtyards generally outperformed square
or circular ones in terms of ventilation efficiency. This
is attributed to their ability to channel wind flow more
effectively, reducing resistance and enhancing cross-
ventilation throughout the building.

In addition to size and shape, building height also plays
a significant role. Surrounding buildings contribute to the
stack effect, in which hot air rises and exits through upper
vents, while fresh, cooler air is drawn in at lower levels.
Peng et al. (2019) documented this mechanism in Inner
Mongolian courtyard houses, where taller courtyard walls
facilitated sufficient vertical air movement to alleviate
summer heat. A drawback of liver-shaped building design,
as explored in the results, is that it can obstruct airflow at
lower levels due to wind shadowing—particularly when
the building height exceeds the courtyard size. Thus,
achieving optimal natural ventilation requires a balanced
relationship among three key elements: building height,
courtyard size, and geometric configuration.

4.3. CFDs simulations and empirical validation

Most of the reviewed studies used CFD simulations to
predict airflow patterns in courtyard-style buildings. These
simulations provided detailed insights into the effects
of various aspects of design, including window position
and size, building shape, and courtyard dimension,
on ventilation performance (Schulze & Eicker, 2013).
However, a common limitation across multiple studies was
the inadequate representation of microclimatic factors,
including terrain variability, vegetation morphology, and
building envelope materials. For example, train simulations
often assumed smooth wall surfaces and excluded transient
wind fluctuations, both of which significantly contribute to
the effectiveness of natural ventilation (Garcia et al., 2017).
Variants of CFD models demonstrated that improved
airflow and reduced hot air stagnation could be achieved
when courtyards had openings on more than one side.
Jomehzadeh et al. (2020) investigated airflow characteristics
in Inner Mongolia courtyard houses and discovered that
those oriented northwest were optimally ventilated. This
alignment supported effective cross-ventilation, enhanced
indoor air quality, and reduced reliance on mechanical
cooling systems. Simulations also revealed that buildings
with wind-catching protruding windows experienced
superior ventilation performance compared to those with
flush-mounted windows.

One of the CFD simulations performed in this study
focused on airflow within a typical Inner Mongolian
courtyard under different seasonal wind conditions.
Using ANSYS Fluent, the model analyzed and quantified
summer and winter velocity fields, pressure distributions,
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and temperature profiles (Pathirana et al., 2019). Results
indicated that stack ventilation was efficient, with warm
air expelled through upper vents and cool air drawn in
through lower inlets. The presence of foliage within the
courtyard also contributed noticeably to daytime cooling
and improved thermal comfort (Figure 6).

To address the limitations of CFD-only approaches,
some researchers have begun using hybrid methods that
combine CFD simulations with scaled wind tunnel testing
or real-time measurement data from occupied courtyard
buildings. For instance, in the case of Gansu province,
hourly airflow and temperature data collected from sensor
arrays installed in an occupied residence were used to
calibrate simulation parameters. The comparison with
observed comfort conditions was improved through CFD
calibration, thereby providing strong support for hybrid
validation techniques.

In the CFD simulation study, efforts were directed
toward assessing the effectiveness of three-dimensional
steady-state RANS equations in modeling temperature
stratification and indoor air quality in a displacement
ventilation environment. Utilizing full-scale measurement
data, the shear stress transport k- turbulence model,
along with other associated modeling results on thermal
stratification and airflow distribution, showed the best
agreement with empirical observations. The results
demonstrated that the model effectively captured
buoyancy-driven thermal plumes and recirculation zones,
with an average difference of 4.2% compared to measured
coefficients (Gilani et al, 2016). Sensitivity analysis
revealed that only grid resolution and the choice of
discretization schemes significantly affected overall results,
while the “age of air” predictions were largely insensitive
to iterative convergence criteria. These insights contribute
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to improving the accuracy of CFD simulations and to
designing energy-efficient, thermally comfortable indoor
spaces.

Furthermore, CFD simulations and short-term
measurement studies on courtyard dwellings in Inner
Mongolia and Gansu revealed important seasonal patterns
in ventilation effectiveness. Air change rates and thermal
comfort assessments showed that some occupied courtyard
residences remained uncomfortable due to inadequate
ventilation in corner rooms not directly exposed to
courtyard inlets. Additionally, user adaptation behaviors
(e.g., temporary window sealing, the use of internal
curtain barriers, and vegetation screens) were found to
significantly change airflow patterns compared to those
predicted by simulation. These discrepancies, documented
through thermal comfort logs and occupant diaries,
highlight the importance of incorporating behavioral data
into future design simulations.

4.4. Climate-specific design considerations for Inner
Mongolia

The results highlight specific design considerations
related to the climatic features of Inner Mongolia, where
hot summers and cold winters limit the consistent use of
natural ventilation. While natural ventilation is primarily
used for cooling during the summer, it must be carefully
managed in winter to avoid excessive heat loss (Chen
et al., 2020). Some studies suggest that courtyard geometry
should be adaptable to allow for seasonal alteration of stack
ventilation strategies. For instance, in summer, courtyards
should remain open to prevailing winds to enable effective
cross-ventilation and cooling (Li & Chen, 2021). In
contrast, during winter, courtyards should be partially
open or buffered to prevent cold air infiltration and the
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Figure 6. Comparison of temperature scale (T-Ti) from computational fluid dynamics simulation and experimental results. Source: Gilani et al., 2016.
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“cold chimney effect” through interior living spaces.
Such adaptive designs have demonstrated the potential
to reduce dependence on mechanical heating and cooling
throughout the year.

Additionally, incorporating natural features, such as
plants within the courtyard’s intermediate space, further
improves thermal comfort. Trees and shrubs provide
protection from hot summer winds and offer shading
that helps to cool and regulate the courtyard area. These
elements also contribute to the formation of a more
comfortable microclimate within the courtyard while
simultaneously enhancing ventilation performance. The
summary of results is provided in Table Al.

5. Discussion

Although many previous studies have explored courtyard
ventilation principles, virtually none have examined
their applicability to extreme seasonal climates such as
that of Inner Mongolia. This analysis aims to clarify that
while general ventilation principles remain valid, their
effective application must be adapted to local conditions.
Specifically, flexible courtyard openings, combined
ventilation-insulation approaches, protective barriers,
and adaptive spatial planning are essential for coping
with large temperature variations and high winter wind
speeds. Therefore, this refined approach ensures that the
results from CFD models and case studies are not merely
referenced in isolation but are directly translated into
architectural guidelines tailored to the specific climatic
conditions of Inner Mongolia.

5.1.Spatial arrangement and wind orientation

One of the key findings highlighted in the review is the
contradictoryrelationship between spatial organizationand
natural ventilation performance. Ventilation performance
was found to be significantly higher in structures where
walls were oriented parallel to prevailing winds (Vermeulen
et al., 2018). This aligns with established principles of
natural ventilation, which emphasize harnessing wind-
driven airflow to regulate indoor temperatures and air
quality. In the context of Inner Mongolia’s climate, this
finding is particularly relevant for residential building
layouts. Designers and planners in the region should
prioritize windward-facing building orientations to ensure
effective free air circulation through central courtyards
and into adjacent rooms, especially during the hot summer
months.

Furthermore, the review found that buildings with
multiple openings on opposite walls were more favorable
for cross-ventilation. This corresponds with earlier
findings on courtyard ventilation and demonstrates

that the number and placement of openings are critical
to achieving effective airflow. This insight has practical
implications for architects aiming to reduce reliance on
mechanical cooling systems. In this article, the concept
of wind-oriented openings is emphasized as a means of
leveraging natural ventilation to reduce energy use and
enhance indoor thermal comfort.

5.2. Comparative analysis of Inner Mongolia’s
climate

A comparison was made between the climate of Inner
Mongolia and other regions, such as the Mediterranean and
sub-Saharan Africa. The climate of the study area, Inner
Mongolia, is hotter in summer and significantly colder in
winter than the Mediterranean region’s more moderate
weather (Chiang & Anh, 2012). These extremes suggest
the need for unique airflow strategies, including the use of
stack ventilation and the orientation of courtyards toward
prevailing wind.

Sub-Saharan Africa experiences a consistently hot
climate throughout the year, with minimal seasonal
variations. As a result, architectural designs in that
region focus on features such as large roof overhangs
and maximized airflow. In contrast, the Mediterranean
climate—characterized by warm winters and hot
summers—supports communicativeand open architectural
planning, with an emphasis on courtyard-centered layouts
(Mahmoud et al., 2020). Inner Mongolia, with its extreme
climate marked by severely cold winters and hot summers,
requires design strategies that can effectively shield interior
spaces from low winter temperatures while also facilitating
smooth, continuous airflow during the summer months.

This discussion reinforces the idea that while
foundational knowledge of cross-ventilation, stack effects,
and courtyard configuration is universally applicable,
the practical implementation of these strategies must be
adapted to meet local climatic demands. The findings
emphasize the importance of contextualizing international
design concepts within local environmental conditions
to develop sustainable and energy-efficient residential
buildings.

5.3. Building geometry and height: Balancing
ventilation efficiency

Another important consideration identified in this study
is the influence of building geometry and height on
ventilation performance in courtyard buildings. It was
found that extended, slender courtyards promote better
ventilation than square or circular ones, due to their ability
to channel airflow more effectively (Zhu et al., 2018). This
finding aligns with broader architectural strategies that

Volume 7 Issue 3 (2025)

"

https://doi.org/10.36922/jcau.7226


https://doi.org/10.36922/jcau.7226

Journal of Chinese
Architecture and Urbanism

Natural ventilation in courtyard dwellings

emphasize form as a key determinant of airflow patterns.
The findings presented in this study indicate that architects
should prioritize elongated courtyard layouts oriented
along cardinal directions to maximize natural ventilation
(Figure 5).

Building height was also found to be a critical
factor, as taller structures can enhance the stack effect,
thus augmenting vertical airflow. However, the review
highlighted a potential disadvantage: when building
height exceeds the appropriate proportion relative to
courtyard dimensions, upper structures may obstruct
airflow at lower levels, reducing overall ventilation
effectiveness. This underscores the importance of
achieving a balance between building height and
courtyard dimensions to ensure airflow. Architects must
consider this balance carefully, integrating adequate
provisions without compromising design creativity. The
proportional relationship between building height and
courtyard extent offers a valuable lesson—particularly for
designers in areas such as Inner Mongolia, where natural
cooling is critical to cope with rapid seasonal temperature
changes.

5.3.1. Seasonal adaptation details

Temperature regulation in Inner Mongolian courtyard
houses relies heavily on seasonal adaptations involving
operable openings and insulated walls. In hot summers,
courtyards are designed to intercept prevailing winds,
thereby enhancing cross-ventilation (Li et al, 2018).
Strategically placed openings allow airflow to be directed
into the interior, enabling climate control in structures
without mechanical ventilation. Vegetation—such as
trees and shrubs—within courtyards serve as a natural
barrier against direct sunlight and wind, creating a cooler
microclimate.

During winter, thermal insulation becomes an
important design feature. Thick courtyard walls help retain
interior heat by minimizing heat loss (Kakinuma et al.,
2019). Small courtyard designs are especially effective in
preserving warmth, and window or door openings are
minimized to reduce cold air infiltration. Stack ventilation
continues to be used, with warm air rising and being
expelled through upper vents, while cooler air enters at
lower levels to maintain air circulation.

These strategies are often supported by a combination of
traditional knowledge and contemporary design elements.
Together, they provide sustainable architectural solutions
tailored to extreme climatic conditions. Such designs
reduce dependence on mechanical energy for ventilation,
insulation, and thermal regulation, thereby improving
occupant comfort. This approach not only promotes

environmental sustainability but also preserves cultural
heritage embedded in traditional building practices.

5.4. CFDs and field studies: Complementary insights

The prediction of ventilation performance in courtyard
buildings was conducted through this review using CFD
simulations, which provided a detailed visualization
of airflow patterns. CFD simulations have become
a mainstream method architectural research
(Tu et al., 2023), enabling designers to assess how various
architectural features affect environmental performance.
Analysis of CFD studies revealed that windward-facing
courtyard orientation and proper positioning of openings
positively impacted ventilation efficiency.

in

At the same time, the review underlined the necessity of
verifying CFD findings through empirical field data. Several
studies highlighted that CFD may not fully capturelocal effects,
including vegetation, adjacent buildings, or microclimatic
variability (Tominaga et al, 2023). This highlights that
while CFD offers valuable predictive insights, it should not
be used in isolation. A combined approach—integrating
computational modeling with field investigations—provides
a more realistic assessment of ventilation performance. This
is especially relevant in Inner Mongolia, where environmental
factors such as wind direction, temperature, and terrain
variability significantly influence airflow dynamics. Table 3
summarizes the key findings and comparisons between field
studies and CFD simulations.

5.5. Climate-specific design adaptations

In exploring the climatic conditions most suitable for
natural ventilation, particular attention must be given
to regions with extreme temperature variations—such
as Inner Mongolia, which experiences hot summers
and extremely cold winters. The review established that
courtyard structures should be able to accommodate these
significant seasonal fluctuations. During the summer,
design strategies should emphasize the promotion of free
air exchange to maximize cooling. In contrast, during the
winter, the focus should shift toward minimizing heat loss
to the external environment (Azmi & Ibrahim, 2020).
Literature recommendations on adaptive design principles
propose practical approaches to this issue, including the
partial enclosure of courtyards during the cold season and
more extensive opening and ventilation during the hot
season.

Furthermore, research has highlighted the common
practice of incorporating vegetation within courtyards to
improve thermal comfort by acting as a windbreak. This
underscores the importance of well-designed landscaping
strategies and the integration of physical layout features
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Table 3. Summary of field study and computational fluid dynamics (CFD) simulation comparison

Analysis criteria Field study result

CFD findings

Consistencies and discrepancies

Airflow patterns Cross-ventilation in large Cross-ventilation patterns similarly Consistent; minor discrepancies in localized
courtyards observed in simulated airflow airflow rates

Seasonal Effective ventilation in summer; Simulated seasonal correlation in Consistent across seasonal variations

performance heat retention in winter ventilation and thermal conditions

Limitations and Influenced by local climate, rock,

assumptions and soil conditions

Terrain and materials idealized;
homogeneous conditions assumed

Discrepant; local complexities not fully
captured by CFD

Thermal comfort Improved comfort noted in shaded

areas

Internal temperatures reduced through
light modification

Consistent; shading effects closely matched

Vegetation impact Reduced wind speed; enhanced

microclimate

Simulated effects of vegetation on
airflow and cooling

Consistent; simulations slightly
underpredicted cooling effectiveness

into environmental design to enhance occupant comfort.
Many of these strategies offer valuable insights not only for
Inner Mongolia but also for other regions with similarly
harsh climates.

5.6. Comparative insights from courtyard-based
residential designs across China

Although the present study focuses on Inner Mongolia, the
examination of courtyard-based residential designs from
other provinces of China provides valuable comparative
insights. In Inner Mongolia, for instance, some courtyard
dwellings incorporate sunken courtyards, surrounded
by perimeter rooms with high thermal mass, which help
moderate temperatures despite large external fluctuations
(Chang et al., 2017). In Henan, courtyard dwellings strike a
between passive solar heating in winter and cross-ventilation
in summer through the use of strategically placed vents
and operable windows. In the humid subtropical climate
of Sichuan, ventilation remains a year-round priority,
resulting in the development of multi-courtyard layouts
with elevated walkways that offer protected circulation
paths while also helping dehumidify and cool incoming air.

These comparisons affirm that courtyard architecture
is relevant for natural ventilation across diverse climates.
However, they also highlight the need for additional
adaptation to climate. CFD simulations and field studies
conducted in Gansu and Sichuan have revealed varying
stack flow behaviors due to differences in topography
and humidity. The performance of traditional courtyard
designs in these provinces not only validates their
continued relevance but also suggests the need to integrate
additional strategies into future sustainable architectural
developments in Inner Mongolia.

5.7. Limitations and future improvements in CFDs
application

While CFD simulation remains an effective tool for
analyzing natural ventilation, understanding its limitations

is essential for ensuring its accurate application in real-
world contexts. The reviewed literature often assumes
idealized conditions—such as homogeneous wind profiles,
smooth surfaces, and uniform material properties—which
deviate significantly from actual environments. In practice,
factors such as courtyard vegetation, dynamic occupancy
patterns, surface roughness, and interference from adjacent
structures markedly impact airflow behavior. Omitting
these elements reduces the applicability of simulation
results.

To enhance simulation reliability, future studies should
consider the development of multi-scale modeling
strategies, including:

e Incorporating high-resolution urban terrain data to
more accurately reflect the topographic variation and
overlapping built form.

e Employing LES or DES models to capture unsteady
airflow in complex courtyard geometries.

e  Constructing seasonal boundary condition profiles to
simulate ventilation dynamics under varying climatic
conditions.

e Conducting in-situ experiments or utilizing sensor-
based real-time data acquisition in occupied courtyard
dwellings.

Such approaches can complement CFD analysis by
identifying perceived, rather than simulated, comfort
mismatches that trigger user feedback in performance
assessments. It is therefore recommended that future
research on the ventilation performance of traditional
and modern courtyard designs rely on the convergence
of digital simulation, empirical validation, and occupant
experience.

5.8. Practical performance and occupant experience

The effectiveness of natural ventilation strategies in
courtyard houses relies on residents’ interaction with the
space, rather than on simulation-based models. Post-
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occupancy surveys and longitudinal environmental
monitoring, as conducted in several reviewed studies—
including those in Henan and Inner Mongolia—revealed
that courtyard dwellings with flexible spatial layouts and
user-operable features (e.g., mobile interior partitions
and pivoting shutters) achieved higher thermal comfort
ratings, especially during shoulder seasons (Pilechiha
et al., 2022). Early summer and late spring were identified
as the most comfortable periods for natural cooling,
whereas thermal discomfort was reported in enclosed
courtyards lacking adjustable openings during winter
inversions. These findings imply that responsive design
is required to accommodate varying user needs on both
daily and seasonal timescales. In addition, long-term
energy consumption records indicated that courtyard-
type dwellings for passive ventilation consumed up to 30%
less energy than modern apartments in the same regions,
which rely heavily on HVAC systems (Abuhussain et al.,
2022). These real-world insights add support to the value
of integrating adaptive, user-informed design principles
with traditional architectural logic.

5.9. Cultural continuity and urban adaptation

Traditional courtyard dwellings are not merely physical
structures; they are cultural constructs developed over
centuries in response to environmental, social, and
symbolic conditions. In Inner Mongolia, residential
structures exemplify spatial models that foster familial
closeness, hierarchical organization, and seasonal rituals—
such as those associated with the Mid-Autumn Festival
or traditional spring cleaning—conducted within the
courtyard. These spaces supported a range of activities,
including drying clothes, elder care, storytelling, and
sheltering livestock, all of which contributed to both
physical comfort and social cohesion.

the context of contemporary urbanization,
densification, standardized housing models, and policy-
driven spatial planning, such cultural practices face
increasing pressure. Nevertheless, research by Meliouh
et al. (2023) explores the reinterpretation of courtyard
principles within the framework of modern eco-districts,
housing estates, and urban infill projects. Emerging hybrid
typologies aim to integrate the spatial centrality and
communal ethos of traditional courtyards while addressing
modern demands for privacy, infrastructure, and modular
construction. This demonstrates that cultural heritage
and innovation are not mutually exclusive, especially
when aligned with goals of environmental and social
sustainability. Thus, the courtyard should not be viewed as
a historical relic, but rather as a regenerative spatial idea
with potential for reshaping the future of residential living.

In

6. Conclusion

As discussed in this article, this systematic literature
review aimed to provide an analytical overview of how
natural ventilation has been optimized in the courtyard
housing typology, with insights drawn from the traditional
architecture of the Inner Mongolia region. The review
integrated findings from CFD simulations, field surveys,
and case studies to identify the key factors influencing
natural ventilation in residential buildings located in hot
temperate climate zones. These findings are relevant for
architects, planners, and researchers engaged in sustainable
residential design.

First, spatial arrangement emerged as a key component
in enhancing natural ventilation. Courtyard houses
featuring rooftop openings oriented toward the windward
side, more than two opposing openings, and layouts aligned
with prevailing wind directions exhibited superior natural
ventilation and thermal comfort. These results underscore
the importance of architectural design that leverages
favorable local climatic conditions, especially in regions
such as Inner Mongolia, where strong winds and season
variations may cause discomfort in enclosed structures.
This insight is particularly valuable for encouraging the
adoption of natural ventilation strategies to reduce reliance
on energy-intensive mechanical systems such as HVACs.

Second, building geometry—particularly height—
was identified as a critical determinant of ventilation
performance. This review found that courtyards with
larger surface areas or elongated rectangular layouts
offered better ventilation outcomes than small, square, or
circular designs. Newer structures also improved vertical
ventilation by utilizing the stack effect, wherein cool air is
drawn in at the base while warm air is expelled at higher
elevations. Nonetheless, excessive building height may
impede airflow at ground level, effectively obstructing
circulation. Therefore, designers must strike a careful
balance between height and courtyard dimensions to
achieve optimal ventilation through proportionate
architectural relationships.

Third, CFD simulations offered valuable information
regardingairflow characteristics within courtyard buildings,
but their findings must be interpreted with caution and
validated through field studies. While CFD provides
predictive capabilities, field measurements capture the
influence of real-world environmental variables, including
adjacent structures and vegetation. Thus, combining
computational and empirical approaches is essential to
achieve the precision required in ventilation design.

Fourth, the study confirms that courtyard architecture
in Inner Mongolia is not only environmentally responsive
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but also culturally meaningful. The orientation, layout,
and use of courtyards reflect values such as collectivism,
seasonal rituals, and harmony with nature. These values
remain applicable in modern sustainable housing design,
where thermal efficiency and community well-being
are equally important. Cultural grounding can inform
modern design in reconceptualizing courtyards in urban
housing, from high-density developments to mixed-use
communal living spaces, thereby promoting human-
centered architecture. Retaining the courtyard as a shared
microclimate and passive ventilation hub fosters more
holistic and resilient urban environments.

Finally, although this study focuses on Inner Mongolian
architecture, its findings have broader applicability across
China. Comparative analysis with other regions—such
as Gansu, Henan, and Sichuan—demonstrates how
courtyard design principles evolve in response to varying
climatic conditions, from arid deserts to humid basins. The
regional examples confirm the adaptability of courtyard
ventilation strategies, validating design principles such
as cross-ventilation, stack effects, and passive cooling.
Such comparative insights help to shape a flexible
design framework that can guide sustainable residential
development not only in Inner Mongolia but throughout
China and potentially in similar climatic contexts
worldwide.
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Appendix

Table A1. Summary of results

Aspect Findings
Spatial arrangement - Houses that have windward facades with opposite openings had improved cross ventilation.
- These measures, particularly orientation to prevailing winds, enhance airflow in the barn to a great
extent.
Courtyard layout - The nature of the form: larger elongated planets increase the airflow compared to square or

round-shaped courtyards.

- Several openings provide good ventilation and alleviate heat effects on the courtyard and the contiguous
areas.

Building geometry - Closer spaced structures create fissures that allow vertical air circulation, an advantage of the “stack
effect,” ideal for natural ventilation.
- When the building height is much larger in terms of height to the courtyard area, there will be some
unfavorable “wind shadows” that will discourage flow at lower levels.

Computational fluid dynamics (CFD) - CFD models, in turn, show that the windward orientation of the courtyard and appropriate positioning
simulation insights of openings enhances the natural ventilation.

- Courtyard layouts are designed to correspond to the wind pattern anticipated by CFD thus enhancing
ventilation effectiveness.

Empirical validation - Field observation confirmed CFD prediction with differences attributed to site-specific characteristics
such as vegetation and adjacent structures.
- Ventilation calculations must be validated empirically to construct configurations that function as
designed in real-world environments.

Climate-specific adaptation - Some courtyard designs can be made to allow for a summer breeze and restricted winter heat loss.
- Planted orders within the courtyards function as windbreakers which enable control of microclimates.
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