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Abstract:

This study aimed to explain the hierarchy of effects of the window-to-wall ratio (WWR) and horizontal louver blade angle (Alpha) on the
balance between annual heating—cooling load intensity and daylight performance in the south fagade of a typical office cell in the hot-arid
climate of Kerman. A quantitative, simulation-based, parametric, and multi-objective research design was adopted. The design space
comprised a full-factorial combination of four variables—WWR, Alpha, Offset, and Spacing—generating 640 scenarios. Geometric modeling
was performed in DesignBuilder, thermal calculations were conducted using EnergyPlus, and daylight performance was simulated with
Radiance. The resulting database was audited and statistically analyzed in R. Annual heating—cooling load intensity was assessed as the
thermal outcome, while spatial Daylight Autonomy (sDA), Useful Daylight Illuminance (UDI), and Annual Sunlight Exposure (ASE)
represented daylight performance. Global sensitivity analysis using generalized additive models (GAM) and permutation importance was
followed by Pareto-based multi-objective optimization. Global sensitivity analysis identified WWR as the dominant variable for annual
heating—cooling load intensity (86.9% relative importance) and sDA (63.2%). Conversely, Alpha was the dominant determinant of ASE
(58.4%) and UDI (63.4%), indicating its primary role in limiting direct solar exposure and improving useful daylight. WWR accounted for
39.2% of variation in ASE, while Alpha accounted for 34.6% of variation in SDA. Multi-objective optimization identified 44 non-dominated
Pareto scenarios, confirming that no single-variable solution simultaneously optimized thermal and daylight objectives. Optimal louvered-
fagade performance is not achieved by maximizing transparency or excessively obstructing solar radiation; rather, it depends on coordinated
adjustment of fagade openness and solar filtration. WWR primarily determines the magnitude of thermal exposure and quantitative daylight
availability, whereas Alpha primarily governs solar control and useful daylight quality. Accordingly, these variables should be treated as
complementary and sequential design decisions within performance-based fagade design.
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Extended Abstract

In contemporary architecture, the building envelope is no longer understood merely as a physical boundary separating
interior space from the external environment; rather, it operates as a critical interface regulating heat transfer, solar gains, and
access to daylight. The growing adoption of performance-oriented architectural design has consequently transformed facade
transparency, opening dimensions, orientation, and shading geometry from predominantly formal decisions into measurable
environmental-performance variables (2). Research on energy-related architectural design in Iran likewise indicates a gradual
transition from isolated investigation of materials and technical systems toward more integrated assessments of architectural
components and building performance (1). Within this framework, the window-to-wall ratio (WWR) is particularly
consequential because it simultaneously affects daylight availability, conductive and radiative heat exchange, and solar
exposure. Previous Iranian studies have demonstrated that optimum WWR values vary according to climatic context and cannot
be generalized uniformly across hot-dry, hot-humid, and cold regions (17), while simultaneous consideration of energy and
daylight performance is necessary when optimizing window design in hot-arid environments (18). In parallel, horizontal
louvers constitute a second major layer of environmental control because their geometric configuration affects both incident
solar radiation and the quantity and distribution of daylight within interior spaces (21, 22). The climatic dependence of external
louver performance has also been emphasized in studies of Iranian office buildings (23), including research specifically
addressing shading devices in the hot-arid context of Kerman (34). Although these studies establish the importance of both
transparency and shading, an unresolved question concerns the relative functional weight of WWR and louver angle and the
manner in which their effects should be coordinated when thermal and daylight objectives conflict. Accordingly, the present
study aimed to explain the functional logic and hierarchy of influence of WWR and horizontal louver blade angle (Alpha) in
balancing annual heating—cooling load intensity and daylight performance in the south facade of a typical office cell located in
the hot-arid climate of Kerman.

Theoretical Framework and Research Gap. The conceptual basis of the study is rooted in the proposition that
environmental performance emerges not from isolated architectural elements but from coordinated interactions among fagade
openness, shading, solar exposure, and spatial organization. This principle is also evident in Iranian vernacular architecture,
where climatic performance was historically produced through the systematic integration of controlled openings, shading

layers, courtyards, thermal mass, and spatial organization rather than through a single passive device (27, 28). Investigations
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of low-energy buildings in hot-arid regions similarly identify solar control, thermal mass, and calibrated openings as essential
components of climate-responsive design (32). Studies of traditional Orosi windows further show that daylight performance
depends not only on opening area but also on the geometry of mediating elements that modify the distribution and usefulness
of incoming light (25, 26). These principles are especially relevant to Kerman, where climatic and geometric characteristics
materially affect building energy performance (29, 33). From a contemporary performance perspective, WWR may therefore
be interpreted as a variable primarily governing the magnitude of environmental exposure, whereas louver geometry governs
how that exposure is filtered and controlled. However, these functions are not absolutely independent. Increasing WWR can
improve quantitative daylight availability while simultaneously increasing thermal loads and excessive solar exposure, whereas
closing louver blades may suppress unwanted direct radiation but can also reduce daylight autonomy. Prior research on shading
confirms that effective solar protection should be evaluated concurrently against potential reductions in daylight availability
(19), and studies of horizontal and vertical shading devices demonstrate that their performance depends on fagade orientation
and solar geometry (20). Multi-objective studies similarly suggest that defensible architectural solutions typically emerge as
trade-offs among conflicting performance goals rather than through maximization of a single objective (31). The research gap
addressed in this study therefore concerns the absence of a context-specific and quantitatively supported hierarchy explaining
how WWR and Alpha differently contribute to thermal-load variation, daylight sufficiency, useful daylight availability, and
excessive solar exposure in south-facing office facades in Kerman.

The study adopted a quantitative, simulation-based, parametric, full-factorial, and multi-objective research design. The unit
of analysis was a single-zone perimeter office cell with a south-facing fagade in Kerman. Climatic inputs were derived from
an EPW weather file based on the Typical Meteorological Year for Kerman, geographically represented at approximately
30.25° N latitude and 56.97° E longitude. The office space was modeled with an occupancy density of 0.10 persons/mz, while
daylight calculations were conducted on a work plane approximately 0.8 m above floor level. The transparent envelope was
modeled using double glazing with constant optical and thermal properties, and the south facade incorporated a fixed external
horizontal louver system. Four independent geometric variables defined the parametric design space: WWR at eight levels
from 30% to 100%, Alpha at five levels from 0° to 60°, Offset at four levels from 0.10 to 0.25 m, and Spacing at four levels
from 0.10 to 0.25 m. Their full-factorial combination generated 640 independent simulation scenarios. Geometric modeling
was performed in DesignBuilder, thermal calculations were conducted using EnergyPlus, daylight performance was evaluated
using Radiance, and the resulting database was audited, organized, and statistically analyzed in R. The thermal outcome was
annual heating—cooling load intensity per unit floor area rather than final building energy use or EUI. Daylight outcomes
comprised spatial Daylight Autonomy (sDA), Useful Daylight Illuminance (UDI), and Annual Sunlight Exposure (ASE); DGP
was recorded as a supplementary indicator but was not included in the principal sensitivity analysis or optimization procedure.
After verifying scenario completeness, absence of missing values and duplicate identifiers, and consistency between total load
and its heating and cooling components, analysis proceeded in three stages: descriptive evaluation of thermal and daylight
trends, global sensitivity analysis based on generalized additive models (GAM) and permutation importance, and Pareto-based
multi-objective optimization. The optimization objectives were to minimize annual heating—cooling load intensity and ASE
while maximizing sDA and UDI. Before extraction of the Pareto front, minimum performance constraints were imposed on the
response space to eliminate scenarios that failed to achieve acceptable daylight performance.

The thermal results demonstrated a clear and systematic dominance of WWR over Alpha in determining annual heating—
cooling load intensity. Across all louver angles, increasing WWR produced a continuous rise in annual thermal load. At Alpha

= 0°, increasing WWR from 30% to 100% raised annual heating—cooling load intensity from approximately 9.1 to 19.4
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kWh/m2-year, while at Alpha = 60° the corresponding increase was from approximately 8.5 to 18.9 kWh/m2-year. By contrast,
changing the louver angle from 0° to 60° reduced the mean annual heating—cooling load from approximately 14.36 to 13.76
kWh/m2-year, equivalent to only about a 4.2% reduction. Cooling dominated the annual thermal balance throughout the design
space, and its relative contribution increased as WWR increased. Global sensitivity analysis quantitatively confirmed this
hierarchy: WWR accounted for 86.9% of the relative importance associated with variation in annual heating—cooling load
intensity, whereas Alpha accounted for only 5.1%, with Offset and Spacing contributing 3.6% and 4.4%, respectively. Daylight
performance, however, revealed a more differentiated functional hierarchy. Increasing WWR from 30% to 100% increased
mean sDA from 62.4% to 96.9%, but simultaneously reduced UDI from 88.8% to 73.4% and increased ASE from 10.6% to
35.0%. Conversely, increasing Alpha from 0° to 60° reduced ASE from 38.0% to 6.0% and increased UDI from 69.3% to
93.9%, although sDA declined from 88.9% to 71.4%. Sensitivity analysis showed that WWR was the principal determinant of
sDA, with a relative importance of 63.2%, followed by Alpha at 34.6%. In contrast, Alpha dominated ASE with 58.4% relative
importance compared with 39.2% for WWR, and likewise dominated UDI with 63.4% relative importance compared with
33.3% for WWR. These inferential patterns established a dual functional hierarchy: WWR primarily controlled thermal
exposure and quantitative daylight capacity, whereas Alpha primarily controlled excessive direct solar exposure and the
proportion of daylight retained within a useful range.

The Pareto analysis reinforced the sensitivity results by demonstrating that thermally and visually preferable configurations
could not be identified through isolated optimization of either transparency or shading. Of the original 640 scenarios, only 111
satisfied the initial performance constraints, and subsequent multi-objective assessment identified 44 non-dominated solutions,
corresponding to approximately 6.9% of the entire design space. The Pareto-optimal configurations were confined to WWR
values between 30% and 80%; no scenario with 90% or 100% WWR remained on the non-dominated front. This finding is
consistent with previous evidence that optimum WWR values are climate-dependent and that excessive transparent area may
undermine overall environmental performance despite increasing daylight availability (17, 18). The distribution of louver
angles within the Pareto set was also highly structured: 25 non-dominated scenarios employed Alpha = 60°, 15 employed Alpha
= 45°, and four employed Alpha = 30°, whereas no solution with an angle below 30° survived the optimization process. This
pattern supports earlier findings emphasizing the importance of calibrated external louvers in limiting solar gains and cooling
demand in office buildings (22-24). More importantly, the results clarify that daylight sufficiency and daylight quality should
not be treated as synonymous. A large WWR strongly improved sDA, yet simultaneously increased ASE and reduced UDI,
demonstrating that a facade admitting more daylight is not necessarily a better-performing daylight facade. In contrast,
increasing Alpha moderated quantitative daylight access but substantially improved the quality of the daylight regime by
reducing excessive solar exposure and increasing useful illuminance. This interpretation is compatible with research showing
that the geometry of shading and mediating facade elements can change not only the amount but also the distribution and
usability of daylight (25, 26). The integrated findings therefore support a hierarchical design logic in which WWR first
establishes the magnitude of facade exposure, Alpha subsequently filters and regulates that exposure, and Offset and Spacing
provide secondary fine-tuning. The resulting model reframes facade design as a coordinated sequence of decisions rather than
as the independent selection of glass area and shading angle.

The study demonstrates that the performance of a south-facing louvered office fagade in the hot-arid climate of Kerman is
governed by a differentiated but interdependent hierarchy of envelope variables. WWR is the dominant variable in determining
annual heating—cooling load intensity and quantitative daylight availability, while louver angle is the dominant variable in

controlling excessive solar exposure and improving the proportion of useful daylight. These roles should not be interpreted as
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mutually exclusive, because each variable also affects secondary performance indicators; rather, their importance lies in the
unequal weight they exert on different outputs. The Pareto analysis further confirms that no single configuration can
simultaneously maximize daylight access, minimize direct solar exposure, minimize thermal load, and maximize useful
daylight without trade-offs. Highly transparent facades were excluded from the non-dominated solution set, while moderate
WWR values combined with relatively closed louver angles were more capable of maintaining balanced performance. On this
basis, the functional logic of louvered facade design can be organized into three successive decision layers: first, defining an
appropriate range of facade transparency to regulate the overall magnitude of thermal and luminous exposure; second, adjusting
louver angle to filter direct radiation and improve daylight usability; and third, refining the system through secondary geometric
parameters such as Offset and Spacing. The findings therefore shift the design question from identifying a universally optimal
WWR or louver angle toward establishing a context-specific coordination between facade openness and radiation control.
Within the defined scope of a south-facing, fixed-louver office cell in Kerman, the study provides a performance-based
framework for balancing thermal and daylight objectives and offers a reproducible basis for architectural decision-making

under conflicting environmental criteria.
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