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ARTICLE INFO ABSTRACT

With the rapid growth of population and the increasing demand for housing, along
with rising land prices, vertical construction in large cities has become inevitable. In
this process, traditional open and semi-open spaces such as courtyards and
verandas—which played a key role in enhancing the quality of life—have gradually
diminished, being replaced by small and less functional balconies. Nevertheless,
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balconies, as transitional spaces between the indoors and outdoors, still hold
considerable potential for reducing building energy consumption while providing
access to natural daylight. This study aims to optimize balcony design in mid-rise
residential apartments in the climate of Tehran, examining the simultaneous impact

of five variables: balcony length, projection depth, recess depth, type of parapet, and
window-to-wall ratio. Energy simulation and analysis were conducted using the
Ladybug Tools plugin in Rhino 8, while a genetic algorithm was applied through the

Keywords: Wallacei add-in. The results indicate that the optimal Model 1, with a projection
Mid-rise apartment, depth of 1.2 m, a recess depth of 0.4 m, a railing-type parapet, and a high window-
Balcony, to-wall ratio, reduced energy consumption by up to 3.9 kWh/m2 compared to the

baseline model. Moreover, daylight sufficiency in this model increased by more than
5.1%, while the annual indoor solar exposure decreased by about 4.9%. These
findings highlight the significance of selecting optimal balcony design parameters
and can serve as practical guidance for designing energy-efficient balconies in mid-
rise residential buildings.

Multi-objective optimization,
Energy saving.
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Introduction

Balconies, as one of the few dedicated semi-open spaces in modern apartment buildings, offer
substantial potential to improve residents’ quality of life and reduce energy consumption. However,
their size and function have diminished over time, often reduced to shallow recesses with minimal
shading value. Climate-responsive balcony designs can enhance building performance by providing
solar protection and lowering cooling demand. Although previous studies have explored balconies’
effects on energy use, daylight, or annual sun light exposure, few have quantitatively examined
multiple design parameters in a climate-specific, multi-objective framework. For example, Yang and
Li analyzed balcony depth and window-to-wall ratio (WWR) without parametric optimization, while
others like Sabatelle and Grozinska focused on materials or glazing. This study fills the gap by
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conceptualizing balconies as active environmental design elements and evaluating their impact using a
parametric, simulation-based approach tailored to Tehran’s hot-dry climate.

Methodology

A mixed-methods, developmental-applied approach was used. The qualitative phase involved a
literature review and typological analysis to identify five key geometric variables: balcony length,
projection depth, recess depth, parapet type, and window-to-wall ratio. In the quantitative phase,
Rhino/Grasshopper with Ladybug Tools and Wallacei plugin was used to simulate energy and daylight
performance. Optimization was conducted via a multi-objective genetic algorithm based on three
metrics: annual energy use (kWh/m?), spatial daylight autonomy (sDA), and annual direct solar
radiation. Results were evaluated through comparative analysis and consistency with prior findings.

Conclusion

This study sought to parametrically optimize balcony geometry in mid-rise residential buildings in
Tehran’s hot-dry climate. Results revealed that recess depth, parapet type, and WWR are critical to
both energy performance and daylight quality. Optimized configurations with recess depths of 0.4-0.8
m, open rail parapets, and 80% WWR achieved up to 3.9 kWh/m? energy reduction over the base
model and sDA improvements up to 59.8%. These results align with Yang et al. (6.7-12.3% cooling
savings from optimized balconies) and with Ji, Luche, and others on the daylight benefits of increased
WWR and well-proportioned forms. Conversely, large recesses combined with solid parapets
negatively impacted both performance metrics confirming findings by Bagheri, Nik-Ghadam,
Eskandari, and Ribeiro regarding the drawbacks of poor balcony form in hot climates. Despite climatic
differences, outcomes also resonated with studies like Sabaté et al. in Spain’s Mediterranean context,
emphasizing the value of balconies as passive cooling strategies.

Component / Variable Present Study (Tehran) Related Studies Alignment
Recess depth (0.4-0.8 m) Energy S&’&Eﬁg pto3.d Yang et al. (China) 6.7-12.3% cooling energy reduction
WWR (80%) sDA up to 59.8% Ji, Luche, etc. Enhanced daylight with large window area
Open rail parapet Better energy and daylight Bagheri, Ribeiro Supports airflow/light benefits
Deep recess + solid Negative impact on both Same sources Confirms form-related disadvantages
parapet metrics
Climate comparison Hot-dry Tehran Sabaté et al. (Spain) Supports balcony as passive cooling

A key finding is that no single configuration is optimal across all metrics. For example, while 1.2 m
projection with 0.4 m recess maximizes energy savings, shallower recesses perform better in sDA.
This highlights the need for balanced, priority-driven design decisions. Moreover, the parapet design
proved vital: open railings consistently outperformed solid types in both daylight and energy
efficiency. However, implementation may be constrained by safety codes and building regulations,
especially on upper floors necessitating further study. The primary contribution of this research is its
multi-objective, parametric optimization approach, allowing simultaneous analysis of geometric
variables across key performance domains. Unlike single-criteria studies, this method facilitates
understanding of design trade-offs and supports climate-specific design strategies. Cross-validation
with international literature further reinforces the credibility and applicability of findings. Limitations
include reliance on a typical mid-rise model, fixed material assumptions, and exclusion of contextual
elements like greenery, movable shading, or reflected light. The absence of field validation also limits
generalizability. Future research should incorporate hybrid methods combining simulation, behavioral
modeling, and empirical studies to support more holistic balcony design.

In conclusion, integrating parametric modeling with multi-objective optimization during early
design stages can significantly enhance building performance in hot-dry regions. When combined with
economic, technical, and environmental assessments, this method can lead to realistic, actionable
solutions for improving the energy and environmental quality of residential buildings.
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