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framework that combined empirical data collection, environmental simulation and multi-
objective genetic algorithms in order to improve the thermal comfort in residential neighbor-
hoods. Based on the morphological structure of 972 residential areas located in Shenzhen's four
central districts, morphological parameter ranges were defined for three basic layouts: row style,
cluster style, and courtyard style. Using Rhino+Grasshopper platform, parametric models were
created and optimized using coupled thermal comfort (UTCI), wind environment, and daylighting
performance simulations. AlJ case and field validation was performed to ensure model accuracy.
Multi-objective optimization demonstrated that thermal comfort can be improved by 0.2-0.6 °C
UTCI with daylighting compliance imposed. The best values of mean UTCI for normal conditions
in a summer week were found to be 31.66-33.05 °C for all configurations in comparison with
32.19-33.53 °C for worst-case scenarios. Regression analysis showed that the parameter sensi-
tivities were layout dependent with cluster-style configurations showing strongest correlation (R2
= 0.398-0.625) between morphological variables and thermal performance. The application of
the Bao'an district case study in Shenzhen also confirmed practical applicability in good inte-
gration with local regulatory limitations.

1. Introduction

Urban heat island (UHI) effects have emerged as a critical environmental challenge in high-density cities worldwide, with outdoor
thermal comfort deterioration becoming increasingly pronounced in hot-humid climate regions (Shi and Zhang, 2022). Rapid ur-
banization processes, characterized by extensive building construction and reduced green spaces, have significantly intensified local
heat accumulation and compromised natural ventilation patterns, particularly affecting residential neighborhoods where citizens
spend substantial portions of their daily lives (Morris et al., 2017; Yuan et al., 2022). Concurrent with urbanization, climate change
projections indicate continued warming trends in subtropical regions, with mean temperatures expected to rise, further exacerbating
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Nomenclature
Symbol
UHI Urban Heat Island (—)

UTCI Universal Thermal Climate Index (°C)

PET Physiological Equivalent Temperature (°C)
PMV Predicted Mean Vote (—)

MRT Mean Radiant Temperature (°C)

CFD Computational Fluid Dynamics (—)

RANS Reynolds-Averaged Navier-Stokes (—)

LES Large Eddy Simulation (—)

GA Genetic Algorithm (—)

NSGA-II Non-dominated Sorting Genetic Algorithm II (—)
PSO Particle Swarm Optimization (—)

FAR Floor Area Ratio (—)

AlJ Architectural Institute of Japan (—)

T™MY Typical Meteorological Year (—)

GIS Geographic Information System (—)

IoA Index of Agreement (—)

RMSE Root Mean Square Error (—)
HR-I High-rise Type I (19-33 floors) (—)
HR-II High-rise Type II (10-18 floors) (—)
Multi Multi-story (4-9 floors) (—)

Parameters

Tair Air temperature (°C)

Tsurf Surface temperature (°C)

Trrt Mean radiant temperature (K)

ATyrct  UTCI offset from air temperature (°C)

Isolar Total solar irradiance on surface (W/m?

o Solar absorptance (—)

h. Convective heat transfer coefficient (W/(m?K))
h, Radiative heat transfer coefficient (W/(m?K))
Fij View factor between surfaces i and j (—)
U(z) Wind velocity at height z (m/s)

u* Friction velocity (m/s)

K von Karman constant (0.41) (—)

z Height above ground (m)

Zo Surface roughness length (m)

H Building height (m)

S; Simulated value (—)

M; Measured value (—)

d Consistency index (—)

R? Coefficient of determination (—)

n Distribution index for genetic operators (—)
n Number of design variables (—)

outdoor thermal stress in already heat-vulnerable urban environments (Shen et al., 2025a). The compounding effects of climate change
and urban densification have created thermal environments that frequently exceed human comfort thresholds, leading to reduced
outdoor activity levels, increased energy consumption for cooling, and adverse public health impacts (Shen et al., 2025a; Chen and Ng,
2012; Shen et al., 2025b).

Traditional residential neighborhood design approaches predominantly rely on empirical knowledge and regulatory compliance,
often failing to adequately address the complex interactions between building morphology and microclimate performance (Kamal
etal., 2021). Conventional planning methods typically prioritize land use efficiency and functional organization while treating thermal
comfort as a secondary consideration, resulting in suboptimal environmental outcomes that become evident only after construction
completion(Givoni, 1998). This reactive approach limits opportunities for climate-responsive design interventions and perpetuates the
development of thermally uncomfortable urban environments, particularly in regions where cooling demands are substantial and
persistent throughout extended summer periods under ongoing climate change (Giannakopoulos et al., 2005).

The integration of computational design tools and performance-based optimization methods presents unprecedented opportunities
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to revolutionize residential neighborhood planning through evidence-based decision-making processes (Cui et al., 2025; Li et al.,
2024). Parametric modeling platforms, coupled with environmental simulation capabilities and multi-objective optimization algo-
rithms, enable designers to systematically explore vast design solution spaces while simultaneously evaluating multiple performance
criteria (Roudsari et al., 2013; Yi and Malkawi, 2009). This computational paradigm shift facilitates the development of climate-
adaptive urban forms that can effectively balance thermal comfort requirements with other essential planning objectives, including
daylighting quality, natural ventilation, and regulatory compliance (Pan and Du, 2022; Yuan and Ng, 2012).

This research develops a comprehensive parametric optimization framework for residential neighborhood morphology in hot-
humid climates, using Shenzhen as a representative case study. The methodology integrates three-dimensional parametric
modeling, coupled environmental simulations encompassing thermal comfort (UTCI), wind environment, and daylighting perfor-
mance, with genetic algorithm-based multi-objective optimization. Research objectives include establishing quantitative relationships
between morphological parameters and outdoor thermal comfort, developing automated design optimization workflows incorporating
regulatory constraints, and deriving evidence-based design strategies for row-style, cluster-style, and courtyard-style residential
layouts. This study provides urban planners and architects with scientific tools for creating comfortable, energy-efficient residential
environments while demonstrating practical feasibility of integrating advanced computational methods into conventional planning
workflows.

2. Literature review

Outdoor thermal comfort research has evolved significantly over the past decades, transitioning from simple temperature-based
assessments to comprehensive multi-parameter evaluations that consider human physiological and psychological responses to envi-
ronmental conditions. The Universal Thermal Climate Index (UTCI) has emerged as the most widely adopted metric for outdoor
thermal comfort assessment (Ji et al., 2022), integrating air temperature, relative humidity, wind speed, and mean radiant temperature
with human thermal physiology models (Fiala et al., 2012). UTCI's superiority over traditional indices such as Physiological Equivalent
Temperature (PET) (Hoppe, 1999) and Predicted Mean Vote (PMV) (Ku et al., 2015) lies in its universal applicability across diverse
climatic conditions and its ability to account for clothing insulation and metabolic rate variations (Btazejczyk et al., 2013). Recent
studies have validated UTCI's effectiveness in hot-humid climates, demonstrating strong correlations between calculated values and
subjective thermal sensation votes in tropical urban environments (Deng et al., 2022; Zhen et al., 2022). Field studies in Southeast
Asian cities have confirmed that UTCI provides more accurate predictions of thermal sensation compared to simplified heat indices,
particularly during extreme weather conditions when multiple environmental factors interact to influence human thermal perception
(Lai et al., 2014).

The relationship between urban morphology and microclimate has been extensively investigated, revealing complex interactions
between building configurations and thermal environment characteristics. Building density and layout patterns significantly influence
air temperature, wind patterns, and solar radiation distribution within urban spaces (Oke et al., 2017). High-density developments
often create canyon effects that trap heat and reduce wind speeds, while strategic building arrangements can enhance natural
ventilation and provide beneficial shading (Ali-Toudert and Mayer, 2006). Research in hot climates has demonstrated that building
height-to-width ratios, street orientations, and courtyard configurations critically affect outdoor thermal comfort, with optimal
configurations varying according to local climate characteristics (Kedissa et al., 2016; Yang et al., 2022). The orientation of building
facades relative to prevailing winds and solar paths plays a crucial role in determining outdoor thermal conditions, with north-south
oriented streets generally providing better thermal comfort in tropical regions (Akpan, 2023). Studies of traditional courtyard housing
in hot climates have revealed that enclosed spaces can effectively moderate extreme temperatures through strategic shading and wind
channeling effects, though optimal courtyard proportions differ significantly between dry and humid climates (Soflaei et al., 2017).
The concept of urban porosity, defined as the ratio of void spaces to total urban volume, has gained attention as a critical parameter for
enhancing natural ventilation and reducing heat accumulation in dense urban environments (Yuan and Ng, 2012; Ng et al., 2011).

Parametric design methodologies have revolutionized architectural and urban planning practices by enabling systematic explo-
ration of design alternatives through computational algorithms (Caliskan, 2017). Grasshopper and similar visual programming
platforms have become standard tools for generating complex geometries while maintaining parametric relationships between design
variables (Davidson, 2013; Khan, 2024). These tools facilitate rapid iteration and evaluation of multiple design scenarios, allowing
designers to investigate performance implications of morphological variations (Yi and Malkawi, 2009; Taleb and Musleh, 2015). The
integration of parametric modeling with environmental simulation tools has created powerful workflows for performance-driven
design, enabling real-time feedback on thermal, lighting, and energy performance (Evins, 2013; Nguyen et al., 2014). Recent de-
velopments in cloud-based computation have further enhanced the accessibility and processing power available for complex urban-
scale parametric studies (Bre and Gimenez, 2022). Advanced parametric design methods now incorporate machine learning algo-
rithms that can identify optimal design patterns from large datasets, reducing computational time while maintaining solution quality
(Feng et al., 2019). The emergence of generative design approaches, which combine parametric modeling with artificial intelligence,
has opened new possibilities for discovering innovative urban forms that respond to multiple environmental constraints simulta-
neously (Zheng and Yuan, 2021).

Multi-objective optimization techniques have gained prominence in architectural applications due to their ability to simulta-
neously address conflicting design objectives such as thermal comfort, energy efficiency, and spatial functionality (Du et al., 2020;
Shen, 2024). Genetic algorithms (GA) have proven particularly effective for architectural optimization problems due to their ability to
handle non-linear relationships and discontinuous design spaces (Asadi et al., 2014; Caldas and Norford, 2002). The Non-dominated
Sorting Genetic Algorithm II (NSGA-II) has become a standard approach for multi-objective optimization in building design, providing
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well-distributed Pareto frontiers that represent optimal trade-offs between competing objectives (Carlucci et al., 2015). Particle swarm
optimization (PSO) and differential evolution algorithms have also shown promise in urban planning applications, offering alternative
approaches to complex optimization problems (Masoomi et al., 2013). The Non-dominated Sorting Differential Evolution algorithm
(NSDE) has been used to optimize lifecycle solutions for building retrofit problems considering climate change impacts (Shen, 2024).
The integration of machine learning techniques with evolutionary algorithms has opened new possibilities for accelerating optimi-
zation processes and improving solution quality (Cui et al., 2025). Recent advances include hybrid optimization approaches that
combine global search algorithms with local refinement methods, achieving superior performance in complex urban design problems
(Li et al., 2022a). Multi-criteria decision-making frameworks integrated with machine learning methods have been developed to assist
designers in selecting optimal solutions from Pareto sets, incorporating stakeholder preferences and regulatory constraints into the
decision process (Shen, 2024; Machairas et al., 2014).

Climate-responsive design principles emphasize the adaptation of building forms and urban layouts to local climatic conditions,
drawing inspiration from vernacular architecture and bioclimatic design traditions (Shen et al., 2025a; Givoni, 1998; Olgyay, 2016)
(Moazami et al., 2019). Moreover, the concept of adaptive thermal comfort recognizes that occupants in naturally ventilated envi-
ronments can tolerate wider temperature ranges through behavioral and physiological adaptations, influencing acceptable thermal
comfort ranges in indoor spaces (de Dear and Brager, 2002). Traditional passive cooling strategies from vernacular buildings, such as
raised floors, deep overhangs, and cross-ventilation, have been reinterpreted through contemporary computational design methods to
create climate-responsive urban forms (Li et al., 2022b; Zhai and Previtali, 2010). Recent investigations have further advanced the
understanding of climate-responsive design through diverse methodological approaches. Alinasab et al.'s study integrated machine
learning with morphological dynamics and demonstrated enhanced prediction capabilities for outdoor thermal regulation in complex
urban environments based on field measurement in 173 urban canyons (Alinasab et al., 2025). Research examining green space
structure impacts on physiological equivalent temperature (PET) has quantified vegetation contributions to thermal comfort in open
spaces (Davtalab et al., 2020), while parametric simulation studies have evaluated the effects of design parameter including building
height, orientation and urban geometry, on urban overheating and outdoor thermal conditions (Wai et al., 2024). Combined thermal
comfort prediction models based on UTCIL, PET and SET models, which incorporates multiple environmental variables, have improved
assessment accuracy in Rome (Pompei et al., 2024). A systematic reviews of outdoor thermal comfort research have synthesized design
principles for urban square redevelopment, which pointed out that there is no establishment of dedicated local models for thermal
comfort analysis and improvement for city squares (Mandic et al., 2024). Furthermore, studies of vernacular architecture in hot arid
regions, particularly examining traditional elements such as Kharkhona in Sistan housing, have demonstrated effective passive stra-
tegies for humidity regulation, wind speed modification, and temperature adjustment that inform contemporary sustainable design
approaches (Kiani et al., 2025; Heydari and Davtalab, 2020). Climate-responsive design frameworks developed for hot arid urban open
spaces can provide complementary insights applicable to hot-humid contexts through adaptation of shading and ventilation strategies
(Alharthi et al., 2025).

The integration of vegetation and water features in urban design has been quantified through microclimatic studies, demonstrating
significant cooling effects that can reduce ambient temperatures in tropical environments (Broadbent et al., 2018; Dimoudi and
Nikolopoulou, 2003). Computational fluid dynamics (CFD) simulation has become an essential tool for predicting wind patterns and
thermal conditions in urban environments, providing detailed insights into microclimate variations that influence outdoor thermal
comfort (Blocken, 2015). The accuracy of CFD simulations depends critically on boundary condition specifications, turbulence
modeling approaches, and grid resolution, with validation against experimental data being essential for reliable predictions (Tominaga
et al., 2008). Large Eddy Simulation (LES) has shown superior performance compared to Reynolds-Averaged Navier-Stokes (RANS)
models for complex urban flows, though at significantly higher computational costs (Zheng and Yang, 2021; Zheng and Yang, 2022).
Recent advances in GPU computing have made high-resolution CFD simulations more accessible for routine design applications,
enabling more detailed investigations of urban microclimate (Sauer and Munoz-Esparza, 2020). Coupled simulation approaches that
integrate CFD with building energy models and radiation calculations have emerged as comprehensive tools for evaluating urban
environmental performance concerning thermal comfort and air quality (Cui et al., 2026; Wang et al., 2025). The development of
reduced-order models and surrogate modeling techniques has addressed computational limitations, enabling real-time optimization
workflows suitable for design practice (Ahn et al., 2025; Low et al., 2022).

Despite significant advances in computational tools and optimization methodologies, several research gaps persist in the appli-
cation of parametric optimization to residential neighborhood design for thermal comfort. Most existing studies focus on simplified
geometric configurations or single building performance, with limited investigation of district-scale morphological optimization
considering regulatory constraints and practical implementation requirements (Xu et al., 2019). The integration of multiple envi-
ronmental performance criteria with real-world design constraints remains challenging, particularly in high-density urban contexts
where land use efficiency must be balanced against environmental quality (Wang et al., 2024). Furthermore, the transferability of
optimization results across different climatic contexts and cultural settings requires further investigation to develop robust design
frameworks applicable to diverse urban environments. Limited research has addressed the temporal dynamics of urban microclimates
and their implications for year-round thermal comfort optimization, with most studies focusing on peak summer conditions while
neglecting shoulder seasons and diurnal variations (Santamouris, 2013).

This research addresses these challenges by developing a comprehensive parametric optimization framework specifically tailored
for residential neighborhood morphology in hot-humid climates, using Shenzhen, China, as a representative case study. The meth-
odology integrates three-dimensional parametric modeling, coupled environmental simulations encompassing thermal comfort
(UTCI), wind environment, and daylighting performance, with genetic algorithm-based multi-objective optimization to generate
climate-responsive design solutions. The research objectives encompass the establishment of quantitative relationships between
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morphological parameters and outdoor thermal comfort, the development of an automated design optimization workflow that in-
corporates regulatory constraints, and the derivation of evidence-based design strategies for three typical residential layout config-
urations: row-style, cluster-style, and courtyard-style arrangements.

The significance of this research extends beyond methodological contributions to encompass practical applications for sustainable
urban development in hot-humid regions globally. By providing quantitative insights into the relationships between residential
neighborhood morphology and thermal environment performance, this study offers urban planners and architects scientific tools for
creating more comfortable and energy-efficient residential environments. The research contributes to the growing body of knowledge
in climate-responsive urban design while demonstrating the practical feasibility of integrating advanced computational methods into
conventional planning workflows, ultimately supporting the development of more resilient and sustainable urban communities in an
era of increasing climate challenges.
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3. Methodology
3.1. Research framework

This study employs a comprehensive parametric optimization framework that integrates empirical data collection, computational
modeling, environmental simulation, and multi-objective optimization to enhance outdoor thermal comfort in residential neighbor-
hoods. The methodology follows a five-stage workflow: (1) field survey and database construction based on Shenzhen's existing
residential neighborhoods; (2) parametric model development using Rhino+Grasshopper platform; (3) numerical model validation
following international standards; (4) coupled environmental performance simulation incorporating thermal comfort, wind envi-
ronment, and daylighting analysis; and (5) genetic algorithm-based multi-objective optimization targeting UTCI improvement and
regulatory compliance. This integrated approach ensures that optimization results are grounded in real-world constraints while
maintaining computational efficiency and practical applicability. The framework bridges the gap between theoretical optimization
and practical implementation by incorporating building codes, site constraints, and climate-specific requirements into the compu-
tational workflow, enabling the generation of feasible design solutions that can be directly applied to urban planning practice. Fig. 1
shows the research framework of this work.

3.2. Case study area and data collection

The research focuses on Shenzhen, a representative hot-humid climate city in southern China, characterized by high urban density
and significant thermal comfort challenges. A comprehensive survey was conducted across four central districts (Futian, Luohu,
Nanshan, and Bao'an), covering 972 residential neighborhoods to establish a robust empirical foundation for parametric modeling. The
survey procedure is illustrated in Fig. 2. The data collection employed multiple methodologies including web scraping techniques for
initial screening, satellite imagery analysis for morphological characterization, and field measurements for validation purposes.

The classification system was established based on China's Building Design Fire Code (GB 50016-2014), categorizing residential
developments into three primary types: multi-story (4-9 floors, height < 27 m), high-rise Type II (10-18 floors, 27 m < height < 54 m),
and high-rise Type I (19-33 floors, 54 m < height < 100 m). This classification differs from conventional planning standards by
emphasizing fire safety requirements, which better reflects actual construction practices in high-density urban environments. Table 1
presents the statistical distribution of building density and floor area ratio (FAR) across different building types, revealing distinct
patterns that inform subsequent parametric modeling constraints.

From the initial dataset, 164 representative residential neighborhoods were selected for detailed morphological analysis,
encompassing 2031 individual buildings. The selection criteria included: (1) minimum six buildings per district to ensure statistical
significance; (2) clear plot boundaries for accurate geometric analysis; (3) construction completion after 2000 to reflect contemporary
planning practices; and (4) representative distribution across the three layout typologies. Three dominant layout patterns emerged
from the analysis: row-style (29% of samples), cluster-style (38% of samples), and courtyard-style (23% of samples), with mixed
layouts comprising the remainder. Table 2 shows samples of specific neighborhoods with different layouts.

Morphological parameters were extracted through GIS analysis and field verification, establishing ranges for key design variables
including building width (25-65 m), depth (10-36 m), orientation (—45° to +50° from south), and inter-building spacing. Our database
is also incorporated with climate data from Shenzhen Weather Station, providing hourly meteorological records for typical summer
weeks and winter solstice conditions essential for subsequent thermal comfort and daylighting simulations.
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Fig. 2. Residential neighborhood data collection.
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Table 1
Building classification standards for residential neighborhoods.
Classification Floor Range Floor Area Ratio Maximum Building Density (%)
Multi-story 4-9 1.0-2.5 35
High-rise Type II 10-18 1.5-4.0 30
High-rise Type I 19-33 2.5-6.0 25
Table 2

Samples of specific neighborhoods with different layouts.

Name Feature Description

Actual residential neighborhood cases in Shenzhen

Row-style arrangements featuring parallel

Row-style building alignments
Cluster-style configurations with point
Cluster-style buildings distributed across regular grids
Courtyard- Courtyard-style layouts creating enclosed
style or semi-enclosed spaces
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3.3. Numerical model validation

3.3.1. Al standard case validation

Model validation was conducted following the Architectural Institute of Japan (ALJ) guidelines for CFD simulation in urban en-
vironments, ensuring computational accuracy and reliability for subsequent optimization studies (Tominaga et al., 2008). The AIJ
validation protocol employs standardized test cases with known experimental results, providing benchmark scenarios for assessing
CFD model performance under controlled conditions.



P. Shen et al. Urban Climate 65 (2026) 102836

The validation process utilized AlJ's wind tunnel experimental data (Case C) for simple building arrays, representing fundamental
urban flow patterns relevant to residential neighborhood analysis. Computational domain specifications followed AlJ recommenda-
tions: upstream distance of 5H (where H represents building height), downstream distance of 15H, lateral boundaries at 5H, and top
boundary at 6H to minimize boundary effects on flow development as shown in Fig. 3.

Mesh independence studies were conducted using three grid resolutions - coarse, medium, and fine grid (all in hexahedral mesh), to
establish optimal computational efficiency while maintaining solution accuracy. The k-e turbulence model was selected based on ALJ
recommendations for urban flow simulations, with enhanced wall treatment near building surfaces. Boundary conditions specified
logarithmic wind profiles at the inlet, zero-gradient conditions at the outlet, and no-slip conditions on building and ground surfaces.
Validation results demonstrated progressive improvement in accuracy with mesh refinement, which will be analyzed and discussed
later.

3.3.2. In-situ field measurement and validation

Additional validation was performed using field measurements from the Bao'an district study site to confirm model reliability under
actual urban conditions. Two micro-environmental monitoring stations were deployed using AG-WZ07 equipment to collect contin-
uous meteorological data during typical summer conditions in July 2025. Table 3 shows the detailed information on the equipment
being used for onsite monitoring.

Monitoring Station 1 was positioned near Baosheng Hospital within a green corridor, representing a semi-open urban environment
with moderate building density. Station 2 was located in the central pedestrian area of Anle Garden residential complex, characterized
by higher building density and more enclosed spatial conditions, which is shown in Fig. 4 (a). Both stations recorded wind speed,
temperature, and humidity data at 1.5 m height to correspond with pedestrian-level conditions used in thermal comfort calculations.

Validation metrics include:

T
RMSE = /- 0 (i — My)? )

d=1- Z;‘:l(si*Mi)z
S (IS — M|+ |M; — M| )?

(2

where S; represents simulated values, M; represents measured values, and M represents the mean of measured values. The consistency
index d ranges from O to 1, with values above 0.8 indicating excellent agreement.

3.4. Parametric modeling framework

The parametric modeling framework was developed using Rhino3D and Grasshopper platforms, enabling automated generation of
residential neighborhood configurations with precise control over morphological parameters. The system integrates geometric
modeling, regulatory compliance checking, and performance simulation within a unified computational environment, facilitating
rapid exploration of design alternatives while maintaining adherence to building codes and planning regulations.

Three distinct layout typologies were parameterized based on empirical analysis: row-style arrangements featuring parallel
building alignments optimized for daylighting and natural ventilation; cluster-style configurations with point buildings distributed
across regular grids to maximize spatial openness; and courtyard-style layouts creating enclosed or semi-enclosed spaces that balance
privacy with environmental performance. Each typology incorporates specific geometric constraints derived from the morphological
database, ensuring that generated configurations reflect realistic design scenarios.

The parametric framework employs hierarchical constraint systems operating at multiple scales. Site-level constraints establish plot

Outtlow

boundary

Syl

lnflow

boundary

(a) Screensbot of Goid Dustribunion Software (b) Bovadary Coudition Setup Daagram

Fig. 3. CFD modeling and validation against AlJ case C.



P. Shen et al.

Table 3
Experimental equipment specifications and parameters.
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Equipment Name

Measurement Parameters

Range and Accuracy

Micro Environmental Air Quality Online Monitoring System
Model: AG-WZ07

Outdoor Air Temperature (requires radiation shield)
Outdoor Air Humidity (requires radiation shield)
Wind Direction

Wind Speed

Atmospheric Pressure

Total Solar Radiation

Diffuse Solar Radiation

Outdoor Black Globe Temperature (150 mm)

Road, Building, Plaza Surface Temperature

Road, Building, Plaza Heat Transfer Coefficient

—20-80 °C, £0.3 °C
0-100%RH, +2%RH
30-360°, £2°

0-60 m/s, 0.3 m/s

100 ~ 1200mb, 0.5 hPa
0-2000 W/m?, £10 W/m?
20-80 °C, £0.3°C

—50°C ~ +100 °C, £0.3 °C
—25-100 °C

>0.02 W/(m-K), +0.2 °C

() Measurement station 1: Heosheng Hospital

Fig. 4. Locations of onsite monitoring station and their surrounding environment.

(<) Sueroundmg environment of
measunng statson 2

() Sarroundmg eeviromment of
measunng slalxmn |

(e) Mensurement stutxom 2: Anle Garden
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boundaries, setback requirements (9 m from property lines per Shenzhen regulations), and infrastructure easements. District-level
constraints control overall building density, floor area ratios, and open space requirements based on classification standards.
Building-level constraints govern individual structure dimensions, orientations, and spacing to ensure fire safety compliance and
regulatory conformance. The parametric generation process is illustrated in Fig. 5 and Fig. 6, with design variable ranges summarized
in Table 4.

The automated compliance checking system evaluates generated configurations against multiple criteria including minimum
building separation distances, fire access requirements, and daylighting standards. Buildings failing to meet winter solstice daylighting
requirements (minimum 1 h between 9:00-15:00) are automatically excluded from optimization populations, ensuring that all
candidate solutions maintain basic habitability standards. Similarly, configurations exceeding maximum building density or floor area
ratio limits are filtered out during the generation process, reducing computational overhead in subsequent optimization stages.

3.5. Environmental performance simulation

Environmental performance simulation integrates multiple physical phenomena affecting outdoor thermal comfort, combining
thermal analysis, wind environment modeling, and daylighting evaluation within a comprehensive assessment framework. The
simulation workflow utilizes specialized software tools optimized for urban-scale environmental analysis, ensuring computational
efficiency while maintaining physical accuracy. The complete environmental performance simulation workflow is presented in Fig. 7.

3.5.1. UTCI calculation
UTCI calculation employs the Ladybug Tools suite, implementing the complete UTCI computational model including human
thermal physiology, clothing insulation, and metabolic rate considerations (Roudsari et al., 2013). Climate data processing utilizes
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Table 4

Parametric model design variable ranges.
Layout Type Building Type Width (m) Depth (m) Floors Rotation (°) FAR
Row-style Multi-story 40-60 12-24 4-9 —45 to 50 1.0-2.5
Row-style High-rise I 40-60 12-24 10-18 —45 to 50 1.5-4.0
Row-style High-rise I 40-60 12-24 19-33 —45 to 50 2.5-6.0
Cluster-style Multi-story 25-40 15-36 4-9 —45 to 50 1.0-2.5
Cluster-style High-rise I 25-40 15-36 10-18 —45 to 50 1.5-4.0
Cluster-style High-rise I 25-40 15-36 19-33 —45 to 50 2.5-6.0
Courtyard-style Multi-story 30-60 10-21 4-9 - 1.0-2.5
Courtyard-style High-rise II 30-60 15-25 10-18 - 1.5-4.0
Courtyard-style High-rise I 35-65 12-25 19-33 - 2.5-6.0

Shenzhen's TMY (Typical Meteorological Year) weather files, providing hourly temperature, humidity, wind speed, and solar radiation
data. The UTCI calculation methodology follows established protocols (Brode et al., 2012):

UTCI = Toir + ATyrcr 3)

where T, represents air temperature and ATyrc represents the offset calculated from wind speed, mean radiant temperature, and
relative humidity using the UTCI polynomial approximation. Mean radiant temperature calculations incorporate solar radiation,
surface temperatures, and view factors between human subjects and surrounding surfaces.

The implementation of MRT calculation in this study follows a multi-step approach integrating solar radiation modeling, surface
temperature calculation, and view factor analysis. Solar radiation modeling utilizes the Perez all-weather sky model implemented in
Ladybug Tools (Perez et al., 1988), processing hourly solar radiation data from Shenzhen TMY weather files. The solar radiation
incident on each surface element considers direct normal irradiance with sun position calculations using astronomical algorithms for
Shenzhen's coordinates (22.55°N, 114.07°E), diffuse horizontal irradiance distributed according to the Perez sky luminance model,
and ground-reflected radiation with albedo values of 0.2 for asphalt surfaces and 0.25 for concrete.

Building surface temperatures are derived from solar heat gain analysis combined with surface material thermal properties. For
each surface element, the surface temperature is calculated as:

Isular X o

Touws = Tarr + hoth

(C))
where Iy, is total solar irradiance on the surface, « is solar absorptance (0.7 for concrete, 0.9 for dark surfaces), h. is convective heat
transfer coefficient, and h, is radiative heat transfer coefficient. The geometric relationship between human subjects and surrounding
surfaces is quantified through view factor calculations using hemisphere projection methods. The study implements a discretized
approach where the hemisphere above each calculation point is divided into a regular grid of 145 sky patches following the Tregenza
sky discretization (Tregenza, 2004). Ray-tracing algorithms determine surface visibility for each sky patch direction, with view factors
calculated using the projected solid angle method:
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Foy = //cose xcosG,dAdA )

where 6; and 6; are angles between surface normals and the connecting line, and r is the distance between surface elements.
The final MRT calculation integrates radiative contributions from all visible surfaces:

T = [ 30 (Fox Tip) | ®)

where F; is the view factor to surface i, and Ty, is the temperature of surface i in Kelvin. The MRT calculation process is automated
through Grasshopper's Honeybee Radiance and Ladybug components, with custom Python scripts handling view factor calculations
and surface temperature analysis. The computational grid employs 1 m x 1 m resolution at 1.5 m height to represent pedestrian-level
conditions. The simulation focuses on critical summer weeks, typically late July when thermal stress is maximum, with additional
winter solstice analysis for daylighting compliance verification.

3.5.2. CFD simulation and wind environment

Wind environment simulation employs the Butterfly plugin interfacing with OpenFOAM CFD solver, enabling high-fidelity airflow
predictions around building configurations (Dogan and Kastner, 2021). The computational approach utilizes steady-state RANS
equations with k-e turbulence closure, appropriate for urban-scale wind environment assessment. Computational domains extend 5H
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upstream, 15H downstream, and 5H laterally from building groups, with top boundaries at 6H to minimize blockage effects. Mesh
generation employs structured hexahedral grids with local refinement near building surfaces and in wake regions where flow gradients
are significant.

Boundary conditions specify representing urban boundary layer characteristics (Tennekes, 1973):

Uz)=YIn (i> %)

K 20

where u- is friction velocity, « is the von Karman constant (0.41), z is height above ground, and z, is surface roughness length. The
surface roughness length was set to zy = 2 m, representing Shenzhen's center city with medium development density that is typical for
Shenzhen's residential areas according to the terrain classification. Reference wind speeds correspond to typical summer conditions in
Shenzhen based on weather station data analysis.

3.5.3. Daylighting analysis and building code compliance

Daylighting analysis targets winter solstice compliance with Chinese residential building standards, requiring minimum 1-h direct
sunlight exposure for primary living spaces between 9:00-15:00. The simulation employs ray-tracing algorithms to calculate solar
exposure duration on building facades, accounting for inter-building shadowing and seasonal sun path variations. Solar position
calculations utilize standard astronomical algorithms corrected for Shenzhen's geographic coordinates (22.55°N, 114.07°E).

The integrated simulation workflow processes parametric building configurations through parallel analysis streams, generating
thermal comfort, wind speed, and daylighting duration maps for each candidate design. Results are aggregated into scalar performance
metrics suitable for optimization algorithms, including area-weighted average UTCI values across pedestrian zones, minimum wind
speeds for natural ventilation, and daylighting compliance percentages.

3.6. Multi-objective optimization algorithm

The optimization framework employs genetic algorithm methodology implemented through the Wallacei plugin, specifically
designed for architectural applications requiring simultaneous consideration of multiple conflicting objectives (Zaker Vafaee et al.,
2022). The algorithm targets dual objectives: minimizing summer thermal discomfort (expressed as UTCI reduction) and maximizing
winter daylighting performance (expressed as facade-averaged solar exposure duration).

The genetic algorithm utilizes real value encoding to represent continuous design variables including building dimensions, posi-
tions, and orientations. Population initialization employs Latin Hypercube Sampling to ensure uniform coverage of the design space,
with initial population size set to 100 individuals based on convergence analysis. Selection mechanisms combine tournament selection
for parent choice with elitist preservation to maintain high-quality solutions across generations.

Crossover and mutation operators are specifically adapted for architectural design variables. Simulated Binary Crossover (SBX)
handles continuous parameters with distribution index n = 15 to balance exploration and exploitation. Polynomial mutation provides
bounded perturbations with probability 1/n (where n equals the number of variables) and distribution index n = 20. The multi-
objective optimization employs the NSGA-II algorithm for Pareto frontier identification:

Table 5
Summary of residential neighborhood database characteristics.
Building Type  Building Density Peak Density FAR Peak FAR Building Width Building Depth Orientation
Distribution Range (%) Range Range (m) (m) Preference

Multi-story (4-9 floors)

Row-style 21-35% 27-28% 1.1-2.7 <25 40-65 12-24 South +15°
Cluster-style  21-35% 27-28% 1.1-2.7 <25 20-50 20-50 South +30°
C°u‘stt§?2d' 21-35% 27-28% 1.1-2.7 <25 25-65 10-30 South +10°

High-rise Type II (10-18 floors)

Row-style 16-28% 20-25% 1.4-3.4 2.0-3.0 40-65 12-24 South +15°
Cluster-style  16-28% 20-25% 1.4-3.4 2.0-3.0 20-50 20-50 South +30°
C°uzttyy?£d' 16-28% 20-25% 1.4-3.4 2.0-3.0 25-65 10-30 South +£10°

High-rise Type I (19-33 floors)

Row-style 11-25% 15-20% 2.4-6.0 24-2.8 40-65 12-24 South +15°
Clusterstyle  11-25% 15-20% 2.4-6.0 24-2.8 20-50 20-50 South +30°
Couztt’;jzd' 11-25% 15-20% 2.4-6.0 2428 25-65 10-30 South £10°

Note: Data derived from comprehensive survey of 972 residential neighborhoods across Shenzhen's four central districts (Futian, Luohu, Nanshan,
and Bao'an), with detailed morphological analysis of 164 representative cases encompassing 2031 individual buildings. FAR = Floor Area Ratio.
Orientation preferences indicate typical angular deviation from due south orientation.
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Minimize : f; (x) = UTClymmer 8)

Maximize : fo(x) = taaytight winter ©

Subject to constraints:

Building density < maximum allowable per classification
Floor area ratio within specified ranges

Minimum building separation distances

Winter solstice daylighting compliance

Fire access requirements

The optimization process continues for 50 generations based on convergence analysis, generating approximately 3000 evaluated
configurations per layout typology. Pareto frontier solutions represent optimal trade-offs between thermal comfort and daylighting
objectives, providing designers with multiple high-performance alternatives suitable for different project priorities and constraints.

4. Results and analysis
4.1. Residential neighborhood database characteristics

The comprehensive survey of 972 residential neighborhoods across Shenzhen's four central districts revealed distinct morpho-
logical patterns that inform parametric modeling constraints, as summarized in Table 5. Statistical analysis demonstrates significant
variations in building density and floor area ratio (FAR) distributions across different building height classifications, reflecting
evolving urban planning policies and market demands over the past two decades.

Multi-story residential neighborhoods (4-9 floors) exhibit remarkably consistent characteristics across all layout types, with
building densities concentrated between 21 and 35% and peak occurrence at 27-28%. The FAR distribution ranges from 1.1 to 2.7,
with most developments clustering below 2.5, indicating conservative density approaches that prioritize open space and natural
lighting. This consistency suggests standardized planning approaches for low-rise developments regardless of spatial arrangement
strategy. High-rise Type II districts (10-18 floors) demonstrate increased development flexibility, with building densities reduced to
16-28% ranges and peak concentrations between 20 and 25%. FAR distributions show greater variation, spanning 1.4 to 3.4 with peak
ranges of 2.0-3.0, reflecting the enhanced design flexibility enabled by vertical development strategies. This broader range indicates
more diverse market responses and planning adaptations for medium-height developments. High-rise Type I developments (19-33
floors) exhibit the most intensive land use patterns, with FAR values ranging from 2.4 to 6.0 and peak concentrations between 2.4 and
2.8. Building densities are correspondingly reduced to 11-25% with peak ranges of 15-20%, demonstrating the inverse relationship
between building height and site coverage. These patterns confirm theoretical expectations that vertical intensification enables
reduced ground coverage while achieving high development densities.

Morphological parameter analysis reveals layout-specific dimensional characteristics that reflect functional optimization strate-
gies. Row-style configurations consistently feature the largest building widths (40-65 m) with moderate depths (12-24 m) across all
building heights, reflecting optimization for natural lighting and cross-ventilation in linear arrangements. Cluster-style layouts exhibit
the most balanced width-depth relationships (20-50 m in both dimensions), supporting point-building configurations that maximize
spatial openness and view access. Courtyard-style developments show the greatest dimensional variation, with widths spanning 25-65
m and depths ranging 10-30 m, accommodating diverse enclosure strategies from intimate courtyards to large communal spaces.

Building orientation analysis demonstrates layout-dependent preferences that reflect both climatic optimization and urban fabric
integration constraints. Row-style layouts show the most concentrated orientation distribution (south +15°), indicating strong
climate-responsive design practices that prioritize solar access and natural ventilation. Cluster-style configurations exhibit greater
angular dispersion (south +30°), reflecting increased flexibility in point-building arrangements that can accommodate varied site
conditions. Courtyard-style developments demonstrate the narrowest orientation range (south £10°) due to perimeter alignment
requirements and the need to optimize internal courtyard solar access.

The database characteristics reveal clear relationships between building height, development density, and morphological flexi-
bility. Lower buildings maintain higher site coverage but show less dimensional variation, while taller developments achieve greater
FAR through reduced coverage and increased morphological diversity. These empirical patterns provide robust foundations for
parametric modeling constraints and validation of optimization outcomes against real-world development practices.

4.2. Numerical model validation results

4.2.1. Validation of the ideal neighborhood model

The validation employed AlJ standard test cases for isolated building configurations, providing benchmark scenarios with known
experimental results for systematic assessment of CFD model performance under controlled conditions. The validation examined three
wind incidence angles (0°, 22.5°, and 45°) using progressively refined mesh resolutions as indicated in ALJ Case C, and the results are
shown in Figure X. For the 0° wind angle case, the coarse mesh (Index of Agreement (IoA) = 0.75, RMSE = 0.16) showed acceptable but
limited accuracy in capturing the experimental velocity distribution. The medium mesh configuration (IoA = 0.73, RMSE = 0.17)
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demonstrated comparably better performance than the coarse mesh, while the fine mesh (IoA = 0.83, RMSE = 0.12) achieved
significantly improved agreement with experimental data, particularly in resolving wake regions and building-induced flow separa-
tions as shown in Fig. 8.

At 22.5° wind incidence, mesh configurations showed enhanced prediction accuracy with the growing mesh quality. The coarse
mesh achieved IoA = 0.76 with RMSE = 0.18, the medium mesh reached IoA = 0.81 with RMSE = 0.16, and the fine mesh
demonstrated superior performance with IoA = 0.84 and RMSE = 0.13. The improved correlations at this angle suggest better nu-
merical stability in capturing oblique flow patterns around building geometries. The 45° wind angle case presented the most chal-
lenging validation scenario, with increased flow complexity due to pronounced asymmetric wake development. The coarse mesh (IoA
= 0.78, RMSE = 0.19) maintained reasonable accuracy despite the complex flow field. The medium mesh (IoA = 0.81, RMSE = 0.16)
showed marked improvement, while the fine mesh configuration (IoA = 0.87, RMSE = 0.13) achieved the highest validation metrics
across all tested conditions.

The spatial bias distribution plots reveal systematic patterns in model performance. All mesh resolutions consistently captured the
upstream flow field with minimal bias, while downstream regions exhibited mesh-dependent variations. The coarse mesh showed
positive bias (overestimation) in the near-wake region, particularly evident at X = 0.1-0.2 m downstream of the building. The medium
mesh reduced this systematic bias, though localized discrepancies persisted in regions of strong flow gradients. The fine mesh
configuration minimized both systematic and random errors, demonstrating superior capability in resolving complex urban flow
features critical for thermal comfort assessment.

The validation results confirm that the fine mesh configuration achieves IoA values around 0.83 across all wind angles, surpassing
the AlJ-recommended threshold of 0.8 for urban CFD applications. The consistent RMSE values also demonstrate acceptable absolute
error magnitudes for subsequent optimization studies. Based on these validation metrics, the fine mesh resolution was selected for all
subsequent parametric optimization analyses to ensure reliable thermal comfort predictions while maintaining computational feasi-
bility for large-scale optimization investigations.

4.2.2. Field measurement and validation

Field validation using meteorological stations deployed in Bao'an district provided additional confidence in model reliability under
actual urban conditions. Two micro-environmental monitoring stations were strategically positioned to capture different urban
microclimate characteristics during typical summer conditions.
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Fig. 9 presents time-series comparisons between simulated and measured wind speeds at both monitoring locations. Station 1,
located near Baosheng Hospital within a green corridor, represents a semi-open urban environment with moderate building density.
The measurement campaign recorded wind speeds ranging 0.8-2.1 m/s with good agreement between measured and simulated values
(RMSE = 0.253 m/s, d = 0.79). Station 2, positioned in the central pedestrian area of Anle Garden residential complex, characterizes
higher building density and more enclosed spatial conditions. This location showed lower wind speeds (0.6-1.8 m/s) with slightly
better simulation accuracy (RMSE = 0.145 m/s, d = 0.70).

The field validation results confirm that the coupled simulation framework can capture wind flow patterns around building
configurations typical of Shenzhen's residential neighborhoods. Both monitoring stations achieved consistency indices approaching
0.8, demonstrating acceptable model performance for urban design applications. The slightly lower consistency values compared to
controlled AlJ validation reflect the inherent complexity of real urban environments, where atmospheric stability variations, local
topographic effects, and temporal meteorological fluctuations introduce additional uncertainty not captured in steady-state
simulations.

Controlled discrepancies between measured and simulated values can be attributed to several factors including temporal variations
in atmospheric stability, local microclimatic effects from vegetation and surface materials, and measurement uncertainties associated
with urban wind monitoring. The RMSE values below 0.26 m/s for both stations fall within acceptable tolerances for urban CFD
applications, confirming model reliability for residential neighborhood optimization studies.

4.3. Multi-objective optimization results

Genetic algorithm optimization across 30 generations successfully identified Pareto optimal solutions balancing thermal comfort
and daylighting objectives for all nine experimental configurations (three layout types x three building height categories). Conver-
gence analysis demonstrates progressive improvement in objective function values with stabilization occurring around generation
20-25, confirming adequate evolution duration.

Multi-story residential neighborhoods achieved the most favorable optimization outcomes across all layout types. Row-style
configurations demonstrated superior convergence characteristics, with UTCI values decreasing from initial ranges of 32.0-32.5 °C
to optimized values of 31.6-31.8 °C, as shown in Fig. 10 (a-b). Winter solstice daylighting performance simultaneously improved from
1.8 to 2.2 h to stabilized ranges of 2.3-2.5 h. Cluster-style layouts achieved comparable thermal comfort improvements (UTCI
reduction of 0.4-0.6 °C) while maintaining consistently high daylighting performance above 2.5 h throughout optimization, as
illustrated in Fig. 10 (c-d). Courtyard-style configurations showed more modest improvements in both objectives, with final UTCI
values of 31.8-32.0 °C and daylighting durations of 2.39-2.45 h, as presented in Fig. 10 (e-f).

High-rise Type II developments exhibited layout-dependent optimization patterns. Row-style arrangements achieved UTCI im-
provements from 32.4 to 32.6 °C to 32.27-32.35 °C, with daylighting enhancement from 2.25 to 2.42 h to 2.48-2.5 h. The convergence
process is shown in Fig. 11 (a-b). Cluster-style configurations demonstrated superior thermal comfort optimization, reaching final
UTCI values of 32.2-32.65 °C while maintaining daylighting performance of 2.25-2.5 h, as illustrated in Fig. 11 (c-d). Courtyard-style
layouts showed the most dramatic improvements, with UTCI reductions from 32.95 to 32.8 °C to 32.7-33.1 °C, though absolute
performance remained inferior to other layout types. These results are presented in Fig. 11 (e-f).

High-rise Type I districts presented the greatest optimization challenges due to increased building mass and reduced inter-building
spacing. Row-style layouts achieved substantial UTCI improvements from initial values of 34.2-32.8 °C to optimized ranges of
32.5-33.48 °C, representing the largest absolute thermal comfort gains. The optimization convergence is shown in Fig. 12 (a-b).
Cluster-style configurations demonstrated more consistent performance across both objectives, with final UTCI values of
32.35-32.7 °C and daylighting durations of 2.38-2.41 h, as illustrated in Fig. 12 (c-d). Courtyard-style developments showed limited
optimization potential, with final UTCI values remaining above 33.0 °C despite modest improvements. These results are presented in
Fig. 12 (e-).

Wind speed analysis reveals layout-specific patterns influencing thermal comfort outcomes, as shown in Fig. 13. Cluster-style
configurations consistently achieve the highest wind speeds (1.5-2.5 m/s), supporting natural ventilation and evaporative cooling.
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Fig. 10. Convergence process of multi-story residential neighborhood optimization.

Row-style layouts demonstrate intermediate wind speeds (1.0-2.2 m/s) with height-dependent variations. Courtyard-style arrange-
ments exhibit the lowest wind speeds (1.2-1.8 m/s), contributing to thermal comfort limitations despite beneficial shading effects.
The Pareto frontiers generated from the multi-objective optimization are presented in Fig. 14, illustrating the trade-off relationships
between summer thermal comfort and winter solstice daylighting performance. The optimization direction indicated by arrows in
Fig. 14(a) and (b) emphasizes that ideal solutions should minimize summer UTCI while maximizing winter daylighting duration, with
solutions positioned in the upper-left region of each plot representing superior multi-objective performance. For multi-story config-
urations shown in Fig. 14(a), row-style layouts achieved the most favorable Pareto frontier position with optimal solutions extending
toward lower UTCI values while maintaining daylighting durations above 2.4 h, whereas cluster-style and courtyard-style configu-
rations exhibited more compact Pareto distributions concentrated around moderate performance levels. In high-rise Type II de-
velopments shown in Fig. 14(b), all three layout types demonstrated broader solution distributions with courtyard-style configurations
showing the widest spread in daylighting performance, indicating greater sensitivity to morphological parameter variations. For high-
rise Type I configurations shown in Fig. 14(c), the Pareto frontiers shifted toward higher UTCI values reflecting increased thermal
challenges associated with taller building masses, with row-style layouts maintaining relatively compact high-performing solution
clusters while courtyard-style configurations exhibited the most dispersed distribution extending to lower daylighting values.

4.4. Morphological parameter impact quantification

Regression analysis quantified relationships between design parameters and environmental performance indicators, revealing
layout-specific sensitivity patterns critical for design optimization. Building density effects demonstrate significant layout dependency,
with correlation coefficients ranging from negligible to strong depending on building type and arrangement configuration.

For thermal comfort optimization, building density shows contrasting effects across layout types. As shown in Fig. 15, for high-rise
Type II configurations, row-style developments demonstrate moderate positive correlation between building density and UTCI (R% =
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Fig. 11. Optimization convergence process of high-rise Type II residential neighborhoods.

0.49856), indicating thermal comfort degradation with increased density. Conversely, cluster-style layouts show moderate negative
correlation (R? = 0.55973), suggesting that increased density can improve thermal comfort through enhanced shading effects.
Courtyard-style developments demonstrate the strongest density-thermal comfort correlation among the three layout types (R? =
0.6252), also exhibiting a negative relationship where higher density contributes to lower UTCI values. Regarding daylighting per-
formance, all three layout types show weak correlations between building density and winter solstice sunlight duration, with
courtyard-style configurations demonstrating the highest sensitivity (R? = 0.28451), followed by cluster-style (R*> = 0.16727) and row-
style (R? = 0.13639) layouts.

As shown in the Table 6, floor area ratio (FAR) impacts follow similar layout-dependent patterns but with generally stronger
correlations. Cluster-style high-rise developments show the most pronounced FAR-thermal comfort relationships, with R? values
exceeding 0.8 for Type II configurations. Row-style layouts demonstrate moderate FAR sensitivity in high-rise Type I developments
(R? = 0.328), while courtyard-style configurations exhibit strong correlations across all building heights.

Morphological parameters including width-depth ratio, building width, depth, height-width ratio, rotation angle, and floor count
show varying influence depending on layout type and building height. Cluster-style configurations demonstrate the strongest
parameter sensitivity, with building width showing significant negative correlation with UTCI in high-rise developments (R? = 0.354
for Type II, R? = 0.414 for Type I). Building depth correlates negatively with thermal comfort across all cluster-style configurations,
with correlation strength increasing with building height. Height-width ratio effects are most pronounced in courtyard-style layouts,
where increased ratios consistently improve thermal comfort through enhanced shading. Row-style configurations show weaker
height-width ratio correlations, while cluster-style layouts demonstrate minimal sensitivity to this parameter.

Building rotation angle impacts vary significantly across layout types and building heights. Row-style multi-story developments
show weak negative correlation with UTCI, while high-rise Type I configurations in both row-style and cluster-style layouts
demonstrate positive correlations, suggesting increased thermal stress with eastward rotations. Courtyard-style high-rise Type I de-
velopments show negative correlation with rotation angle, indicating thermal comfort benefits from eastward orientation adjustments.

Floor count relationships reveal consistent patterns across layout types, with negative correlations indicating thermal comfort
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Fig. 12. Optimization convergence process of high-rise Type I residential neighborhoods.

improvements through increased building height when development density remains constant. Courtyard-style configurations show
the strongest floor count effects (R? = 0.502-0.602), while cluster-style developments demonstrate moderate correlations (R? =
0.257-0.426).

4.5. Practical application for residential renewal

The Bao'an district renewal project provided validation of optimization methodology under real-world constraints. The 180 m x
140 m redevelopment site, surrounded by existing multi-story buildings and one high-rise structure, presented typical urban infill
challenges requiring careful balance between development intensity and environmental performance.

Pre-optimization thermal environment analysis revealed average UTCI values of 32.7 °C across the site during typical summer
weeks, with localized hot spots exceeding 34 °C in areas with poor ventilation and excessive solar exposure. The existing urban fabric
created wind shadow effects reducing natural ventilation and contributing to thermal comfort degradation. Application of regression
analysis findings to parameter adjustment strategies yielded measurable performance improvements across all layout configurations.
Table 7 shows the improvement of performance after optimization for different neighborhood layouts. Row-style arrangements
achieved UTCI reductions of 0.2-0.6 °C through optimized building spacing and orientation adjustments. Cluster-style configurations
demonstrated UTCI improvements of 0.45 °C via strategic density increases and morphological parameter optimization. Courtyard-
style layouts achieved 0.4 °C thermal comfort improvements through dispersed arrangement strategies and selective open space
integration.

The optimization process successfully generated feasible design solutions meeting regulatory requirements while achieving sub-
stantial environmental performance improvements. Winter solstice daylighting compliance was maintained across all configurations,
with enhanced thermal comfort representing net environmental benefit without compromising basic habitability standards.

19



P. Shen et al. Urban Climate 65 (2026) 102836
R D] P ]
S : S 1.61 2 s
6 _r
i 2 151 " i 14 ‘_‘~‘-'
< L S “ 4
‘§ l f 4 ,'l" ‘? 14 '-"-l" e 3 l J '4-’
- bl (" = 'Ji\, [ A = 12l
SEIEPEP BEEERLS SEPePH S
Generation Generiion Genenanon
() Courtynrd-style nudti-layer  (b) Courtyard-style high-rise  (c) Courtyard-style high-rise
Typenl Typel
28 fy 22i prm e fen.res
= YR = . R = Y
= Wi g 3t} ER R N
= 2 il * < l“t ] ¥l
i 18 g l6gm\_ .g 1.5 \W
~ 1 ] -sna .
Z L5 -1} k ”! o —— 3 ‘hl"n“m' u
=4 R L N L &1 LR z 1 LN
b O S EEEETS S e ————
SESOPHP SLEERDP SEEPHS
Generation Generation Generalion
(d) Row-style nualti-tayer () Rowsstyle high-rise Type 1 (£} Row-style high-nise Type |
p 221
= AAS L pae = | Pt A o e
2 '..."‘.\'_l LRSS g 2 | NN a
- 2 - Y - 13
i W i 18 i 2 /’\-”:
J Ve 16} \~s g .
B 18 buikcv A g EIO? At 3 NP
- ol AW P URNE Sl - | £ ¢ - 1
=z ,“A_rl, = 1410 v = 14y,
So9EPeS SESERL SEQEPHS
Generation Generation Generanan
(#) Clusser-style pnilti-dayer  (h) Clusser-styds high-rise type 11 (1) Cluster-style hgh-rise Type [
— AVEOARE e---- Minimeun v M T
Fig. 13. Changes in outdoor average wind speed during residential neighborhood optimization.
(o) M vy (14 Biigh-rise Tope 11 i) High ehe Tape §
il e R | e At || Y oRe =0
- - - > ] P (‘W . e & et | -~ ™~ & Toamebarh
s 5 ol -
3:: - ~ FE LIBL r ‘i“ i -
t <] 2 F | ok Tt r |Ts
AT s Juf A 1R,
. z ! ) ' 4 .
x ¢
§xu 3 X ; ;.‘h } L
§ i 1 | N
P = -
L P * 12 ' o
e NO W2 WA us Wy nI Q4 -Ts [ Ne B2 n4é o 09 ns W o
Serewr 11TONIT Serve N0 Sewsa LTOLG)

Fig. 14. Pareto frontiers showing trade-offs between summer UTCI and winter solstice daylighting duration for different residential neighborhoods.



P. Shen et al.

y=0.0078%x+23321

R-=0.13639

8 -
’;‘:’.‘ N
e

LIy

24 . ::S.’j" .:-’3-'{

Vs
.

i

.

‘3

Sevight e ce on fc vt
L

Trpkal samarwr &ay

Baahdeg derdty 1

Buakicg demsttpsanhpht rzgocaon sud rak
(n) The relationship betweon the buiddmg density of Row

y=0.0107*x=26651

2.0 165
. R70.16727 , -
i 24| BT TR o LARD -
= sy ¢ "0 -, ﬂ')‘. =
- = -0 ' o
. = e

S -4 ‘?.- A:_ ., P
g2 - vttt LN -~ =
i IR - N -
$523 1 CLICIE OIS St Al s
s e s e 25 . -
A -
< -4 | * . s 7
3 | o =
15 20 25 3
Daakleg desalty 1Y
B hdrg Soradir aanhehi regvsonn mud o

(b) The relanomship betwesn the nlding dessity of Chist

voull 0323%%-2.7756

R5=0.28451

15
Dadileg denadty (Y

B og S0t sanhaM repcsnin and s

.
- »
g ;
» -
8

8- . 2
g -
53 g
8 g
i 2
- e
& 1

g &
3 =

. s

Urban Climate 65 (2026) 102836

y=0.0153*x+ 320984
R=0 49856

26| ¢
Jzs|
. . w -
124 e :
ol Y o .
AR TP
323 « @ +® ;"l
y P B
| I <&

o {]
Hasdang Goniy %)

Ratdag foauty-UTCT cprostes andyus
-stvie High-rise Type 1l and the target valoe

v (1391 *5+333792

R’=0.$5573

Duiding daoay ()

Batdeng demiy UTCT regreschon ande sy

erstyle High-rise Type 11 amd the gzt value

vy OSES* v 55.425

14

Daldeg damas 1)

Pddeng onns UTT) regmssom mwlpibs

(c) The relinonshop between the budding deasity of Courtyardeseyle Highense Type 1 and the tepet value

Fig. 15. Regression analysis of relationships between design parameters and environmental performance indicators.

4.6. Design optimization application using case study

The case study renewal project in Bao'an district served as a testbed
urban constraints. The 180 m x 140 m redevelopment site, situated

for the parametric optimization methodology under real-world
within Shenzhen's established urban fabric, presented typical

challenges for high-density residential development while maintaining environmental performance standards as shown in Fig. 16.
Initial thermal environment assessment revealed significant comfort deficiencies across the development site. The existing urban

configuration generated average UTCI values of 32.7 °C during typical summer conditions, with localized hot spots exceeding 34 °C in

areas experiencing poor natural ventilation and excessive solar exposure. The surrounding building arrangement created wind shadow

effects that substantially reduced airflow across the site, contributing

to thermal stagnation and heat accumulation. These baseline

conditions provided clear performance improvement targets for the optimization process.

4.6.1. Parameter adjustment strategy implementation

Based on the regression analysis findings detailed in Section 4.4, systematic parameter adjustments were implemented across all
nine layout-building height combinations. The adjustment strategy prioritized parameters demonstrating strong correlations with
thermal comfort performance while maintaining regulatory compliance and development feasibility.

For row-style configurations, building density reductions of 5% were applied to high-rise Type Il developments due to their positive
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Table 6

Correlation summary of neighborhood morphological parameter impact on thermal comfort.

Urban Climate 65 (2026) 102836

Parameter Row-style Cluster-style Courtyard-style
Multi HR-II HR-I Multi HR-II HR-I Multi HR-II HR-I
Building Density 0 ++ — — — — 0 — _
Floor Area Ratio - — - — — — — — _
Width-Depth Ratio 0 - + 0 0 0 - ++ +
Building Width 0 - + 0 — - 0 0 —
Building Depth 0 + 0 - — — 0 — _
Height-Width Ratio 0 — - 0 0 0 — - _
Rotation Angle - 0 + 0 0 + 0 0 —
Building Floors 0 0 — — — _
Note:

0: No correlation (R? < 0.1)

+/—: Weak correlation (0.1 < R? < 0.4) - Positive/Negative

++/——: Moderate correlation (0.4 < R? < 0.7) - Positive/Negative

+++/——-: Strong correlation (R® > 0.7) - Positive/Negative

Multi: Multi-story (4-9 floors)

HR-II: High-rise Type II (10-18 floors)

HR-I: High-rise Type I (19-33 floors)

Table 7

Residential neighborhood model performance comparison.

Layout Type Building Type Thermal Comfort Optimal Model (UTCI Thermal Comfort Worst Model (UTCI Performance Improvement
°C) °C) [§9)
Row-style Multi-story 31.84 32.42 0.58
High-rise Type Il ~ 32.34 32.85 0.51
High-rise Type I 32.9 33.25 0.35
Cluster-style Multi-story 31.66 32.19 0.53
High-rise Type Il ~ 32.24 32.7 0.46
High-rise Type I 32.6 32.98 0.38
Courtyard- Multi-story 32.35 326 0.25

style

High-rise Type Il 32.62 32.9 0.28
High-rise Type I 33.05 33.53 0.48

(a) Floor Plan

aL.0a
3L.35
088
.45
L

(b) Axonometric View

Fig. 16. Simulation of outdoor thermal comfort (UTCI) on a typical summer day in Xin'an community. Note: UTCI range of 26-32 °C: moderate heat

stress; UTCI range of 32-38 °C: strong thermal stress.
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correlation with UTCI values (R2 = 0.499), while other row-style variants received density increases of 5% to leverage beneficial
shading effects. Floor area ratio adjustments increased development intensity by 0.5 for all configurations except multi-story variants,
reflecting the consistent negative correlations observed between FAR and thermal comfort. Building orientation ranges were refined
based on regression findings, with multi-story and high-rise Type I configurations limited to —30° to 50° ranges to optimize thermal
performance.

Cluster-style layouts received comprehensive morphological enhancements reflecting their high parameter sensitivity. Building
widths were increased by 5 m across all configurations to exploit the strong negative correlations with UTCI values (R? ranging
0.354-0.414 in high-rise configurations). Minimum floor counts were elevated by 2, 4, and 7 floors for multi-story, high-rise Type II,
and high-rise Type I variants respectively, capitalizing on the consistent negative correlations between building height and thermal
discomfort.

Courtyard-style developments underwent the most extensive modifications due to their complex parameter interdependence. The
unified height control system was replaced with gene pool-controlled random height variations to better accommodate the varying
height-width ratio sensitivities across different orientations. Building depths were increased for high-rise variants and localized open
space strategies were incorporated to address the thermal accumulation issues characteristic of enclosed layouts.

4.6.2. Optimization performance results

We take the cluster-style neighborhood as an example. It is found that the cluster-style configurations achieved consistent UTCI
improvements of approximately 0.45 °C through strategic implementation of the “high-density, low-coverage” principle identified in
the regression analysis as indicated in Table. The combination of increased building density, enhanced floor counts, and optimized
building dimensions created beneficial microclimatic conditions that substantially reduced ambient thermal stress. The superior
performance of cluster-style optimization validates the counterintuitive finding that strategic densification can yield environmental
benefits in point-building arrangements, which is shown in Table 8. The optimization performance results for row-style and courtyard-
style configurations can be found in Appendix 1 A and 1B.

5. Discussions
5.1. Design strategy implications

The comprehensive analysis of morphological parameters and thermal comfort relationships reveals distinct design optimization
strategies tailored to specific layout typologies and building height classifications. These findings provide evidence-based guidance for
climate-responsive residential neighborhood planning in hot-humid environments, moving beyond conventional empirical approaches
toward quantitative performance-driven design methodologies.

Row-style residential neighborhoods demonstrate layout-specific optimization requirements that vary significantly with building
height. Multi-story row-style developments exhibit remarkable resilience to morphological parameter variations, with minimal cor-
relations observed across most design variables, which suggests that building height critically modulates parameter sensitivity, with
low-rise configurations maintaining thermal stability through enhanced natural ventilation and reduced thermal mass effects. How-
ever, high-rise row-style developments require careful parameter management, particularly building density control in Type II con-
figurations where positive correlations (R = 0.499) indicate potential thermal comfort degradation with increased density, consistent
with Perini and Magliocco (Perini and Magliocco, 2014) who identified building density as a critical factor affecting outdoor thermal
environments in high-density residential areas.

Cluster-style configurations present the most parameter-sensitive layout typology, offering significant optimization potential
through strategic morphological adjustments. The consistent negative correlations between building density and UTCI values across all
building heights (R? ranging 0.398-0.560) indicate that controlled density increases can enhance thermal comfort through beneficial
shading effects without compromising natural ventilation. This counterintuitive finding challenges conventional low-density planning
assumptions and aligns with Liu et al. (2014) who demonstrated that strategic building arrangements could improve thermal comfort
through optimized shading and ventilation patterns (Liu et al., 2014). The “high-density, low-coverage” principle identified in this
research provides clues regarding building layout optimization for ventilation efficiency. Courtyard-style developments require
comprehensive parameter coordination due to strong interdependencies between morphological variables and thermal performance.
The pronounced height-width ratio effects (R? = 0.302-0.526) demonstrate the critical importance of building proportions in
courtyard configurations, supporting traditional courtyard design principles documented in vernacular architecture studies. The
optimization strategy should prioritize height-width ratio increases (target range 1.5-2.5) combined with strategic building floor count
adjustments, highlighting the importance of climate-specific optimization approaches.

The Bao'an case study demonstrates practical applicability of these strategies, achieving UTCI reductions of 0.2-0.6 °C across
different configurations while maintaining regulatory compliance. From the perspective of global climate change, every 0.5 °C of
global temperature rise will cause clearly discernible increases in the frequency and severity of heat extremes, heavy rainfall events
and regional droughts (Seneviratne et al., 2021). Another existing research has also shown the city-wide installation of green roofs for
buildings can lead to a UTCI reduction of 0.5 °C on average (Jiang et al., 2025). Therefore, the 0.6 °C improvement achieved by optimal
configurations represents a perceptible enhancement in thermal comfort that is equivalent to city-wide use of green roof, potentially
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Table 8
Comparison of Cluster-style residential neighborhood models.

Thermal comfort optimal model Worst thermal comfort model

Cluster-style multi-story

Mean UTCI = 31.66

Sunlight Exposure Floor Plan

Cluster-style high-rise Type II

Sunlight Exposure Floor Plan j&
1

h"- i'. dil .:1.= 1
Nl =1

Ditoet Sun Hows et Sum Hours

Cluster-style high-rise Type I

Mean UTCI = 32.60 Mean UTCI = 32.98

(continued on next page)
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Table 8 (continued)

Thermal comfort optimal model Worst thermal comfort model

Sunlight Exposure Floor Plan

[ b
me=1

-

Dt Bun Howrs Diimcl Eun Hours

increasing the proportion of thermally comfortable occupants during peak summer conditions. This improvement is particularly
significant given that optimized UTCI values of 31.66-33.05 °C fall within the moderate to strong heat stress category, where marginal
temperature reductions can substantially influence outdoor activity duration and public space utilization. It is also shown from the case
study that integration with existing planning frameworks requires careful consideration of regulatory constraints and implementation
feasibility. The findings support density bonus mechanisms for developments demonstrating superior thermal comfort performance,
particularly in cluster-style configurations where increased density correlates with environmental benefits. This approach aligns with
current trends toward performance-based planning codes that prioritize environmental outcomes over prescriptive standards.

5.2. Methodological contributions and advances

The integrated parametric optimization framework developed in this research addresses fundamental limitations in conventional
urban design methodologies identified by previous studies. While traditional approaches typically rely on post-design simulation for
performance verification, this framework embeds environmental performance optimization directly into the design generation pro-
cess, fundamentally transforming decision-making from reactive to predictive in an inverse design workflow (Chen et al., 2017).

The multi-objective optimization approach successfully reconciles competing design objectives that conventional methods struggle
to balance simultaneously. The genetic algorithm implementation demonstrates consistent convergence across all nine experimental
configurations, achieving thermal comfort improvements of 0.2-0.6 °C while maintaining or enhancing daylighting performance. This
quantitative design optimization performance further complete recent inverse design study which reported single-objective optimi-
zation studies by Sun et al. (2023) (Sun et al., 2023) with building code compliance, demonstrating the advantages of integrated multi-
constraint approach and the trade-off nature of neighborhood design optimization. The automated compliance checking system
eliminates approximately 60-70% of non-conforming configurations before performance simulation, reducing computational over-
head while ensuring regulatory adherence. This efficiency enables larger-scale optimization investigations within practical time
constraints. Moreover, the regression analysis framework provides quantitative parameter-performance relationships that advance
beyond qualitative design guidelines prevalent in existing literature. The systematic quantification of morphological impacts shown in
Table 6 offers more precise design guidance than empirical recommendations in previous studies, enabling evidence-based parameter
selection rather than intuitive design decisions.

The research findings both confirm and challenge established knowledge in outdoor thermal comfort optimization. The identifi-
cation of building density's layout-dependent effects contradicts simplified density-thermal comfort relationships assumed in some
planning guidelines. The cluster-style density benefits identified in this study provide support for theoretical framework regarding
building arrangement optimization for ventilation efficiency. The quantified relationships between morphological parameters and
thermal performance offer more precise design guidance than qualitative recommendations in existing literature. While previous
studies typically provide directional guidance (increase/decrease specific parameters), this research establishes quantitative thresh-
olds and correlation strengths that enable more accurate design decisions. The regression coefficients reported in Table 6 represent
advances beyond descriptive analyses common in existing thermal comfort optimization literature. The integration of multiple layout
typologies within a unified optimization framework addresses fragmentation issues in existing research. Previous studies typically
focus on single building configurations or simplified geometric arrangements, limiting applicability to diverse urban contexts. The
comprehensive analysis of row-style, cluster-style, and courtyard-style layouts provides broader design guidance than configuration-
specific studies prevalent in current literature.

5.3. Limitations and future research directions
Despite significant methodological advances, several limitations constrain the current research scope and suggest priorities for
future investigation. The geographic specificity of findings, while providing detailed insights for Shenzhen's hot-humid climate

context, raises questions regarding transferability to other climatic regions. The morphological-thermal relationships quantified in this
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study reflect the particular characteristics of hot-humid subtropical climates, where ventilation enhancement and solar shading
represent primary comfort improvement strategies. In contrast, cold climate regions may prioritize solar access maximization and
wind protection, potentially inverting optimal parameter relationships identified herein. Similarly, hot-arid climates present distinct
challenges where evaporative cooling potential and diurnal temperature variations necessitate different morphological optimization
approaches. Future research should systematically investigate how the parametric relationships established in this study translate
across diverse Koppen-Geiger climate classifications, developing climate-specific adjustment factors or separate optimization frame-
works that account for regional variations in comfort priorities and environmental constraints. Such comparative studies would enable
the development of generalized design guidelines applicable to global urban development contexts while preserving the quantitative
rigor demonstrated in this research.

The environmental simulation approach adopted in this research, while computationally efficient for optimization applications,
necessarily abstracts complex urban microclimate interactions. The steady-state CFD simulations may not capture temporal dynamics
of urban heat island development or seasonal climatic shifts that significantly influence thermal comfort patterns. Future research
should incorporate dynamic simulation approaches that better represent temporal environmental variations and their implications for
year-round thermal comfort optimization. Moreover, the focus of this study on thermal comfort and daylighting objectives potentially
excludes other important environmental performance criteria that influence urban sustainability. Air quality considerations, energy
consumption patterns, and biodiversity support represent additional optimization dimensions that may conflict with thermal comfort
priorities. Future research should develop multi-criteria optimization frameworks that simultaneously address broader sustainability
objectives.

Technological advancement opportunities exist in machine learning integration to accelerate optimization processes and enable
real-time design feedback. However, the current methodology relies on advanced computational tools including Rhino-Grasshopper
parametric modeling, OpenFOAM CFD simulation, and genetic algorithm optimization, which require substantial technical exper-
tise and computational resources that may limit accessibility for practicing urban planners and architects without specialized training.
This technical barrier potentially constrains widespread adoption of performance-driven design approaches in routine planning
practice. To address this limitation, future work should focus on developing simplified workflows and practical design guidelines that
distill the quantitative findings into accessible decision-support tools. Such efforts could include lookup tables relating key morpho-
logical parameters to expected thermal comfort outcomes, rule-based design checklists derived from optimization results, or web-
based simplified calculators that provide approximate performance predictions without requiring full simulation capabilities. Addi-
tionally, the development of pre-trained surrogate models using machine learning techniques could enable rapid performance esti-
mation suitable for early-stage design exploration by non-specialists, democratizing access to evidence-based thermal comfort
optimization while maintaining reasonable prediction accuracy.

The social and behavioral dimensions of thermal comfort represent underexplored territories, as cultural variations in thermal
comfort expectations and outdoor activity patterns may modify optimal design solutions. Future research should expand geographical
scope to include diverse climatic zones, enabling development of climate-specific optimization guidelines. In addition, future research
should incorporate human-centered design methodologies that account for occupant behavior variations and cultural preferences,
while developing economic assessment frameworks that quantify optimization value propositions for different stakeholder groups.

6. Conclusions

This research developed a comprehensive parametric optimization framework for residential neighborhood morphology to
enhance outdoor thermal comfort in hot-humid climates, using Shenzhen as a representative case study. The methodology successfully
integrated empirical data collection, parametric modeling, environmental simulation, and multi-objective optimization to generate
evidence-based design strategies for climate-responsive urban planning. Key findings of this research include:

e Systematic regression analysis revealed layout-dependent parameter sensitivities, with cluster-style configurations demonstrating
the strongest correlations (R2 = 0.398-0.625) between design variables and thermal comfort, while row-style multi-story de-
velopments showed remarkable parameter resilience.

Row-style layouts achieved optimal performance through density control and orientation optimization; cluster-style configurations
benefited from strategic densification following the “high-density, low-coverage” principle; courtyard-style developments required
coordinated height-width ratio adjustments and selective open space integration.

Multi-objective optimization generated measurable thermal comfort enhancements of 0.2-0.6 °C UTCI reduction across all con-
figurations while maintaining winter solstice daylighting compliance. During typical summer week conditions, optimal configu-
rations achieved mean UTCI values of 31.66-33.05 °C compared to 32.19-33.53 °C for worst-case scenarios across various layout-
building height combinations.

The case study confirmed practical applicability, demonstrating successful integration of optimization findings with regulatory
constraints and achieving predicted performance improvements in real-world urban renewal contexts.

This research provides urban planners and architects with quantitative tools for creating climate-adaptive residential environ-
ments. The parametric framework enables performance-driven design decisions that move beyond conventional empirical approaches,
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while the layout-specific design strategies offer implementable guidelines for hot-humid climate regions. The methodology's inte-

gration with building codes and planning regulations supports adoption in professional practice, contributing to sustainable urban
development and improved outdoor thermal comfort in high-density cities.
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Appendix A. Optimization results for row-style neighborhood in the case study

The systematic application of parameter adjustments yielded measurable thermal comfort improvements across all layout con-
figurations. Row-style arrangements demonstrated UTCI reductions ranging from 0.2 to 0.6 °C, with the most substantial improve-
ments occurring in high-rise Type I configurations where initial thermal stress levels were highest, as indicated in Table A1l. The

optimization process successfully maintained winter solstice daylighting compliance while achieving these thermal improvements,
demonstrating effective multi-objective balance.

Table Al
Comparison of row-style residential neighborhood models.

Thermal comfort optimal model Worst thermal comfort model
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Table A1 (continued)

Urban Climate 65 (2026) 102836
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Appendix B. Optimization Results for Courtyard-style Neighborhood in The Case Study

Courtyard-style layouts realized UTCI improvements of approximately 0.4 °C through the implementation of dispersed arrange-
ment strategies and selective open space integration, which is shown in Table A2. The transition from unified to varied building heights
enabled better adaptation to local microclimatic conditions while maintaining the beneficial aspects of courtyard enclosure. The
incorporation of strategic gaps in building perimeters improved natural ventilation without compromising the privacy and community

benefits of courtyard arrangements.
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Table A2
Comparison of courtyard-style residential neighborhood models.

Thermal comfort optimal model Worst thermal comfort model

Courtyard-style multi-story

Mean UTCI = 32.35 Mean UTCI = 32.60
Sunlight Exposure Floor Plan

Dimci Sun Heurs ool Sun Hours

Courtyard-style high-rise Type II

Mean UTCI = 32.62 Mean UTCI = 32.90
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Courtyard-style high-rise Type I

(continued on next page)
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Table A2 (continued)

Thermal comfort optimal model Worst thermal comfort model

Mean UTCI = 33.05 Mean UTCI = 33.53
Sunlight Exposure Floor Plan
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Data availability
Data will be made available on request.
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