Manifestation of Art in Architecture and
Urban Engineering

Investigating the Impact of Architectural Variables on the
Optimization of Natural Ventilation in Residential Villas Using
CFD Simulation (Case Study: Dastek Region, Gilan)

1. Sayed Mamak Salavatian*{: Assistant Professor, Department of Architecture, Rasht Branch, Islamic Azad University,
Rasht, Iran

2. Sepand Bidarigh®: Master's Student, Department of Architecture, Rasht Branch, Islamic Azad University, Rasht, Iran.

*Corresponding Author’s Email Address: mamak.salavatian@yahoo.com

How to Cite: Salavatian, S. M., & Bidarigh, S. (2024). Investigating the Impact of Architectural Variables on the Optimization of Natural Ventilation in
Residential Villas Using CFD Simulation (Case Study: Dastek Region, Gilan). Manifestation of Art in Architecture and Urban Engineering, 2(1), 91-120.

Abstract:

Given the significant contribution of the building sector to global energy consumption—particularly in developing countries like Iran—optimizing natural
ventilation has increasingly gained importance as an effective and low-cost solution for reducing energy use and improving indoor air quality. This study aims
to analyze the influence of three architectural variables—window-to-wall ratio (WWR), window height, and building orientation relative to prevailing wind—
on the performance of natural ventilation in residential buildings. To this end, numerical simulations were conducted using DesignBuilder software and
Computational Fluid Dynamics (CFD), and various design scenarios were evaluated across three seasonal climates (spring, summer, autumn, and winter). The
findings indicated that increasing the WWR from 40% to 60%, combined with raising the window height to 2 meters, significantly enhances the air ventilation
rate (up to 25%) and improves temperature distribution in interior spaces. Moreover, building orientations at angles of 30°, 45°, and +15° relative to the
prevailing wind demonstrated the highest effectiveness in increasing pressure differentials and enhancing natural airflow. The results suggest that climate-
based smart architectural design can reduce reliance on mechanical ventilation by up to 30%, playing a key role in energy savings, reducing greenhouse gas
emissions, and improving the thermal comfort of occupants. This study can serve as both a scientific and practical guide for architects and designers in

developing sustainable and energy-efficient buildings.
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Extended Abstract

Introduction

In the context of the growing global energy crisis and heightened environmental concerns, the building sector stands as a
significant contributor to energy consumption and greenhouse gas emissions, accounting for nearly 40% of total energy use
globally (1). Especially in developing nations such as Iran, the urgent demand for low-cost, sustainable strategies to enhance
energy efficiency in residential buildings has prompted attention to natural ventilation systems. Natural ventilation, as a passive
system, offers dual benefits: improving indoor air quality and reducing energy consumption without relying on fossil fuels (2).
This ecological alignment also supports broader sustainability goals by reducing CO: emissions and enhancing thermal comfort
for residents.

The performance of natural ventilation is a function of multiple variables, both internal and external, including architectural
design, the dimension and positioning of openings, orientation, material usage, and topography (3). Among these, window-to-
wall ratio (WWR), window height, and building orientation relative to wind direction are critical determinants that can greatly
influence airflow efficiency (4). Additionally, existing empirical studies confirm that variations in opening dimensions and
their spatial arrangements have a direct correlation with both thermal performance and energy use (5).

With the proliferation of villa complexes in the temperate, humid climate of Gilan, northern Iran, optimizing natural
ventilation through architectural design becomes a strategic priority. This research therefore investigates the impact of three
primary variables—WWR, window height, and building orientation—on the efficiency of natural ventilation in residential
villas. By employing Computational Fluid Dynamics (CFD) simulations, the study not only identifies optimal architectural
parameters but also contributes to the broader discourse on sustainable architecture.

Methods and Materials

This study employs a descriptive-analytical methodology, structured across three phases. The first phase involves an
extensive review of scientific literature and prior case studies related to natural ventilation and the architectural design of

openings. The second phase defines the research variables and design scenarios. Three different residential villa types are
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considered, with Type A (350 m2) selected as the primary model for simulation. Design scenarios include variations in window
height (0.6 m, 1.2 m, 2 m), WWR (40% and 60%), and building orientation angles (0°, 15°, 30°, 45°).

Simulations were conducted using DesignBuilder software, integrated with the CFD module to assess natural airflow and
ventilation efficiency under different seasonal climates (spring, summer, autumn, winter). Wind data inputs such as speed,
direction, humidity, and temperature were derived from meteorological sources, particularly focusing on the dominant
southwestern winds typical of the Dastek region. Each scenario was simulated under constant conditions to ensure
comparability of results, and airflow rates (air changes per hour, ac/h) were used as the main performance indicator.

Findings

The simulation results demonstrate a direct relationship between window height and ventilation rate. When the WWR is set
at 40%, increasing window height from 0.6 m to 2 m results in a rise in ventilation rates from 101.07 ac/h to 104.63 ac/h.
Similarly, under a 60% WWR scenario, ventilation improves more significantly, reaching 159.71 ac/h at 2 m window height.
These findings suggest that taller windows enhance vertical air movement, enabling better cross-ventilation across building
zones.

Regarding building orientation, the highest ventilation rates were achieved when the villa was oriented at 15° relative to the
prevailing southwestern wind, producing a peak rate of 165.89 ac/h. The 30° and 45° orientations also yielded effective results,
with 158.07 ac/h and 161.47 ac/h respectively. In contrast, a 0° orientation offered less favorable results due to misalignment
with wind flow.

Overall, the data indicates that a WWR of 60%, coupled with a 2 m window height and a 15° orientation angle, produces
the optimal configuration for natural ventilation. This combination significantly reduces the need for mechanical ventilation,
especially in spring and fall seasons, where the outdoor air conditions are most aligned with thermal comfort zones.

Discussion and Conclusion

The results affirm the substantial influence of architectural variables—especially WWR, window height, and building
orientation—on the effectiveness of natural ventilation in residential villas. A larger WWR (60%) facilitates broader air intake,
while greater window height enhances air circulation vertically and improves pressure differentials across internal spaces.
These findings corroborate prior research emphasizing the functional role of large, strategically positioned openings in
improving thermal conditions and energy performance (4).

The orientation analysis further highlights the importance of aligning buildings with prevailing wind patterns. Even minor
angular adjustments (such as 15° shifts) can markedly affect airflow trajectories, thus optimizing interior ventilation. This
insight echoes broader theoretical frameworks advocating climate-sensitive design practices for maximizing passive energy
systems (6).

From a practical perspective, these findings suggest that architectural strategies informed by local climate data can serve as
low-cost, high-impact solutions for improving building energy efficiency. Particularly in regions like Gilan, where humid
subtropical conditions necessitate robust ventilation, such designs reduce dependency on energy-intensive cooling systems.
Integrating these strategies not only promotes environmental sustainability but also improves occupant well-being through
enhanced indoor air quality and thermal comfort.

Ultimately, this study underscores the relevance of CFD simulation in architectural decision-making, offering evidence-
based guidelines for optimizing design elements in residential villas. By implementing findings into design practices, architects

and planners can contribute to sustainable development goals and mitigate the environmental impacts of urbanization. The
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integration of architectural aesthetics with functional, climate-responsive strategies positions natural ventilation as a key pillar

in the future of energy-efficient residential architecture.
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