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ABSTRACT

In subtropical urban environments where glass building curtain walls predominate in the high-rise office con-
struction, the building envelope plays an important role in determining energy use and comfort level within the
building. This work formulates passive design concepts to the high rises office building in the subtropical China
through a systematic evaluation of four common envelope types, namely, single-layer curtain walls, single-layer
curtain walls with shading, double-layer curtain walls, and continuous shading with enclosure structures. Based
on representative subtropical climate condition as a typical example of the subtropics in China, a parametric anal-
ysis is conducted using various comfort performance criteria including thermal comfort hours, useful daylight
illuminance (UDI), and visual quality. EnergyPlus and Radiance performance simulations identified the optimum
parameter spaces in each envelope type: for single-layer curtain walls, 565-591 comfortable hours could be
achieved annually with glass U-values ranging from 1.7-3.2 W/m?K of glass U-value and window-to-wall ratios
of 0.40-0.60; the single-layer curtain walls with shading had the best performance overall, providing 599-601
comfortable hours. After eliminating designs that fail to achieve adequate visual performance with average in-
terior visibility ratio > 40 %, this work provides evidence-based design guidelines for curtain wall systems that
maintain a balance between thermal comfort, quality of daylighting and aesthetics. The evidence-based design
measures described in this paper are useful to architects and engineers intending to optimize the building enve-
lope design within the subtropical climate, addressing the gap of theoretical knowledge and practical application
to sustainable high-rise construction.

1. Introduction

well-adapted to the climate. Such a mismatch may have unfavorable
consequences such as overheating [5], glare [6], and energy use [7].

Land use change and increasingly dense population distribution trig-
gered by urbanization have resulted in complex interactions between the
local climate change in cities and building energy consumption [1]. The
resulting high urbanization rate in China has led to the development of
many high-rise office buildings with high energy consumption [2]. Ex-
amples of representative subtropical areas in China include Hong Kong,
Shenzhen, and Guangzhou, where such structures are concentrated [3].
Therefore, decreasing the energy demand of such buildings may help to
reduce overall energy consumption and carbon emissions in China and
thereby limit the adverse effects on the environment.

Building envelope is a key factor in determining building energy
use [4]. However, high-rise office buildings that tend to use large-area
pure glass curtain walls in subtropical regions are not necessarily
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Researchers have discussed the building envelope in relation to mod-
ernism, which provide insight into how contemporary structures are
becoming fascinated with transparency that has been promoted by mod-
ernism and its interaction with visual culture, which should be evalu-
ated in depth [8]. Therefore, other researchers have shifted their atten-
tion to developing building envelopes in accordance with biomimicry
principles and climate-adaptive measures in the face of climate change
context [9]. Metaphor as bio-skin, building envelopes are categorized
under architectural biomimicry corresponding climate change [10,11].
Despite these research endeavors, the continued widespread use of pure
glass curtain walls indicates that there is a discrepancy between theory
and practice in building envelope design in terms of improved interior
comfort and energy savings.

This predicament is especially pronounced in the subtropical high-
rise office buildings where various conflicting and sometimes compet-
ing goals must be achieved through the envelope design: low solar heat
gain and high daylight, exterior views and glare control, architectural
aesthetics and energy optimization. This complexity demands a thor-

Received 16 October 2025; Received in revised form 16 January 2026; Accepted 19 January 2026

Available online xxx

2666-1233/Copyright © 2026 Southwest Jiatong University. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Please cite this article as: L. Yu, C. Lin, W. Gu et al., Passive design strategies for curtain wall system in subtropical office buildings in China
considering multi-sensory comfort, Energy and Built Environment, https://doi.org/10.1016/j.enbenv.2026.01.001



https://doi.org/10.1016/j.enbenv.2026.01.001
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/energy-and-built-environment/
mailto:shenpengyuan@sz.tsinghua.edu.cn
https://doi.org/10.1016/j.enbenv.2026.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.enbenv.2026.01.001

JID: ENBENV

L. Yu, C. Lin, W. Gu et al.

Nomenclature

Performance metrics

CH Comfortable hours, h

UDI Useful daylight illuminance, %
PI Performance index

VR Visibility ratio, %

Pjerma  Thermal performance function
Pjayiigne  Daylighting performance function
E yorkpiane 1lluminance on working plane, Ix
Eyp, Average illuminance, 1x

Tindoor Indoor air temperature, °C
Toudoor ~ Outdoor air temperature, °C
Design parameters

WWR  Window-to-wall ratio

Uyl Wall heat transfer coefficient, W/(m?K)

Uin Glass heat transfer coefficient, W/(m?K)
SHGC  Solar heat gain coefficient

VLT Visible light transmittance

a Solar radiation absorption coefficient
OAR Window operable area ratio, %

ESC External shading coefficient

CD Cavity depth, mm

VOH Ventilation opening height, mm

Statistical analysis
ANOVA Analysis of variance

F F-ratio

p Significance level

R? Coefficient of determination
ik Kronecker delta

A Orthogonality parameter
Building geometry

W,oom Room width, m
H Ceiling height, m

ceiling
Hyy,,,  Floor height, m
d Viewing distance, m
h Eye height, m
0, Horizontal viewing angle, degrees
o,V Vertical viewing angle, degrees
Aiew Viewable outdoor area, m?
Afaeage  Total facade area, m?
Other terms

TMY Typical meteorological year

HVAC  Heating, ventilation, and air conditioning
COP Coefficient of performance

ACH Air changes per hour, h™!

VAV Variable air volume

ough investigation of the performance of various types of envelopes in
subtropical environments, which has not been adequately conducted
with respect to individual performance aspects under subtropical cli-
mate conditions. Therefore, investigating the reasons behind this gap
and developing optimal solutions are critical for building envelope de-
sign to reflect the feasible applicability in the subtropics.

This research seeks to narrow the gap between theory and practice by
providing specific guidelines for architects on how to design buildings
that address various performance challenges while not compromising
architecture quality in design. The main contributions of the study are:
(1) an extensive performance review of four representative major enve-
lope types in subtropical climate, (2) a determination of ideal parameter
range of the key design variables through systematic examination, (3)
assessment of energy performance, thermal comfort, and visual quality
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trade-offs and (4) formulation of practical design guidelines that take
into account various performance factors in subtropical high-rise office
buildings. The contributions made extend theoretical concepts of the be-
havior of envelopes in subtropical climates as well as practical knowl-
edge on the design of sustainable high-rise buildings in line with the
current demands of climatologically active architecture in the subtrop-
ical cities of the world, which are growing at a fast pace.

2. Literature review

There has been a considerable paradigm shift in the conceptualiza-
tion of building envelopes, which have evolved into complex and multi-
functional building skins, which is a building enclosure. In his pioneer-
ing work on primitive architecture, Semper had recognized enclosure
as one of the four elements contained therein in The Four Elements of
Architecture (1851) [12]. Later research extended the knowledge about
building envelopes as being a dynamic, multi-layered system. Tombazis
advocated for multi-layered building skin systems where successive lay-
ers serve specific functional purposes like thermal insulation, moisture
management and weather barrier functionalities [13]. Radwan elabo-
rated on this idea by stating that the building skin could be a multifunc-
tional shell that is actively engaged in controlling the environmental
variables such as sunlight, air, humidity, sound and heat exchange [14].
Such contributions led to the modern concept of building envelopes as
complex environmental control systems that mediate between interior
and exterior environments.

Building envelope performance can be evaluated through analyti-
cal methods, experimental measurement, or computational simulation.
While analytical methods provide fundamental insights [15,16] and ex-
perimental approaches offer real-world validation [17,18], computa-
tional simulation using validated tools like EnergyPlus [19,20] and Ra-
diance [21] enables systematic parametric exploration of multiple de-
sign alternatives under controlled conditions. This capability is essen-
tial for comparative optimization studies requiring consistent bound-
ary conditions across numerous design configurations. The reliability
and accuracy of these simulation platforms have been extensively val-
idated against measured data, establishing them as standard tools for
evidence-based building design [6,19-22]. The capacity of simulation
techniques to systematically test numerous design alternatives under
identical boundary conditions makes them particularly suitable for the
parametric optimization methodology employed in this research, en-
abling comparative evaluation of design configurations across various
building envelope types.

Passive design is an essential environmental control strategy that is
frequently adopted in vernacular architecture in accordance with cli-
matic circumstances [20], which improves adaptability to environmen-
tal variations and environmental control. Allam demonstrated that en-
velopes developed using passive design principles can achieve signifi-
cant energy savings compared to conventional methods [23]. Neverthe-
less, passive design measures have practical barriers that hinder their
usage on a large scale in the professional sector. Tian’s studies uncov-
ered the most severe barriers to passive design application, including
prolonged calculations, a lack of a unified design process [24]. These dif-
ficulties hinder architects from achieving optimal building performance
through passive approaches in the design development stage of develop-
ment where decisions defining the basis of the design are made. Passive
design analysis tends to be complex and therefore demands specialized
skills and computing power, which are not easily found in typical ar-
chitectural practice, thus creating a gap between research and practical
knowledge. A theoretical basis for implementing passive design in sus-
tainable architecture was established by the Guiding Principles of Sustain-
able Design, published in the United States in 1994 [25]. Passive design
was introduced as an integral part of sustainable architectural practice
in which the use of natural light and solar energy use were noted as
the key factors in energy savings and nature sustenance. Nevertheless,
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bridging the gap between principle and practice has been challenging,
especially for complex building types and severe climatic environments.

Passive design implementation presents unique opportunities under
subtropical climatic conditions. During transitional seasons in the sub-
tropics, buildings can attain thermal comfort through natural ventila-
tion, and fulfillment of lighting needs with natural daylighting, thus
reducing reliance on mechanical systems [26]. This indicates that pas-
sive design strategies should not be limited to energy consumption con-
siderations in a building but should also aim to enhance building per-
formance through natural environmental conditions. This was demon-
strated by Srisamranrungruang, who showed that the application of pas-
sive design techniques specifically designed to provide building enve-
lope features in building structure during transitional seasons in the
subtropics provides an in-depth examination of the envelope’s capac-
ity to respond to climatic conditions [27]. This evaluation methodol-
ogy assesses thermal and lighting performance based on the conditions
of natural ventilation and lighting and provides a more comprehensive
perspective on envelope effectiveness than energy-oriented indicators
alone. Such assessment techniques are needed to develop design strate-
gies that simultaneously satisfy multiple performance requirements. The
persistent gap between passive design theory and professional practice is
particularly evident in subtropical high-rise office buildings, where pure
glass curtain walls continue to dominate despite documented issues with
overheating [28], glare [6], and excessive energy consumption [7]. This
prevalence indicates a significant disconnect between research findings
and design implementation. The challenge stems partly from the com-
plexity of passive design optimization, which demands specialized skills
and computational resources not readily available in conventional ar-
chitectural practice, creating a barrier between research insights and
their practical application [24]. Furthermore, existing passive design
research has predominantly focused on individual envelope types or sin-
gle performance aspects, providing limited comparative frameworks for
designers who are evaluating alternative envelope strategies. The lack
of systematic comparative analysis across multiple envelope types un-
der consistent subtropical climate conditions leaves practitioners with-
out evidence-based guidance for selecting and optimizing curtain wall
systems that balance thermal comfort, daylighting quality, visual aes-
thetics, and construction feasibility.

For effective multi-factor design optimization, systematic identifi-
cation of key influencing factors is required [29]. The orthogonal ex-
perimental method offers a systematic approach to multi-factor analy-
sis through strategic sampling of adequate combinations of comprehen-
sive experimental matrices based orthogonality principles. Using this
methodology, full factorial results can be approximately through strate-
gic selection of experimental cases to adhere to the statistical validity.
This methodology enables representation of full factorial design space
through carefully planned limitation of simulation scenarios, signifi-
cantly reducing computational requirements while preserving analyti-
cal rigor. Gong’s application of orthogonal methodology demonstrated
its usefulness in optimizing building designs by simulating values and
combinations of seven passive design elements in residential buildings
[30]. Through variances analysis, this study established the relative im-
portance of individual design elements, and identify an optimal com-
binations of passive design elements for residential buildings in differ-
ent climatic regions of China. This study demonstrated that orthogonal
test design is a feasible method for building envelope optimization in
the Chinese environment. After identifying important design parame-
ters through orthogonal analysis, correlation analysis can be performed
between each of the design components and evaluation indexes enabling
fine-tuning of envelope designs can be made. Krstic-Furundzic and Kosi¢
used EnergyPlus to optimize the location and size of the shading de-
vices of the office buildings and then identified proper shading systems
depending on the climatic conditions in that particular locality by com-
paring the simulation results systematically [31]. This demonstrates the
potential of combining orthogonal experimental design with correlation
analysis to develop climate-specific guidelines related to design.
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Simulation-based design research raises significant methodologi-
cal concerns regarding validation. Previous studies, such as Cong and
Chan’s development of facade design guidelines using Radiance simu-
lation [32] and the shading optimization of an office building by the
use of EnergyPlus by Krstic-Furundzic and Kosi¢ [31] lacked validation
through actual field measurements. The maturity and documented accu-
racy of both Radiance and EnergyPlus simulation platforms, supported
by numerous independent validation studies, provide a foundation for
this approach. Studies aimed at developing design guidelines can rea-
sonably emphasize relative comparison of simulation results over ab-
solute accuracy verification [29]. When the main task is comparative
evaluation of design options rather than absolute performance predic-
tion, relative accuracy is more important than absolute accuracy. This
methodological approach is suitable for studies focused on developing
design guidelines and strategies other than accurate performance pre-
diction. The present study adopts this methodology, comparing relative
simulation validity rather than field measurement validation in the de-
sign pattern examination phase. This aligns with the research objective
of developing design strategies and guidelines as it happened in other
research studies in terms of design pattern analysis [30]. The focus is
on providing beneficial insights for practitioners rather than precisely
predicting how a particular installation will perform.

Balancing thermal comfort, daylighting quality, and visual aesthet-
ics presents a fundamental challenge in building envelope design, as
these objectives often impose conflicting requirements on design param-
eters. Mangkuto et al. investigated the balance between daylight avail-
ability and energy efficiency in tropical office buildings, finding that
window configurations optimized for daylighting often increase cooling
loads substantially [33]. Li et al. developed multi-objective optimization
frameworks addressing energy efficiency, daylighting, view quality, and
thermal comfort simultaneously, highlighting the complexity of achiev-
ing balanced performance across multiple criteria [34]. However, aes-
thetic quality and interior visibility, which significantly influence design
decisions in professional practice, are rarely integrated into quantitative
envelope optimization frameworks. Limited research has addressed the
aesthetic aspects of high-rise building envelopes together with quanti-
tative building performance optimization [35], with few studies such
as Tabadkani et al.’s addressing this topic in their review without con-
ducting specific empirical research [36]. This gap between performance-
focused optimization research and practice-oriented design guidance
that incorporates visual quality considerations motivates the compre-
hensive multi-criteria approach adopted in this study.

Although substantial research literature exists building envelope de-
sign, three major gaps restrict its application to subtropical high-rise
office buildings. First, most previous studies focus on a single enve-
lope type or performance aspect in isolation without providing a com-
parison across various envelopes and performance criteria. Second, re-
search emphasis on temperate climate may leave subtropical context
underrepresented despite their specific environmental challenges such
as high humidity, intense solar radiation, and extended cooling sea-
sons. Third, while theoretical passive design frameworks exist, practi-
cal areas guidance on design parameter ranges for professional applica-
tion is lacking. This research addresses these gaps through systematic
comparative analysis of four principal envelope types under subtropical
conditions, evaluating 128 design configurations across multi-sensory
comfort criteria including thermal comfort, daylighting quality, visual
comfort, and aesthetic appeal. Unlike previous studies that optimize in-
dividual performance aspects or neglect aesthetic considerations, this
research integrates quantitative performance simulation with qualita-
tive visual assessment, systematically eliminating configurations with
poor facade aesthetics or inadequate interior visibility from the final
design recommendations. This multi-criteria framework addresses the
practical reality that architects must balance measurable environmental
performance with visual quality considerations that influence occupant
satisfaction and design acceptance. Using Shenzhen’s climate as a rep-
resentative subtropical case, the study derives climate-specific design
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Step 1
Field Investigation
Envelope Classification

Step 2
Parameter Definition
Design Variables
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Step 3 Mathematical Framework
Orthogonal Design

32 Experiments Objective Function:

(4 Types) & Consiraints per Envelope Type Maximize
f£lx) = w)* P_thermal + we+P_daylight
Constraints:
X i,min = x i = x_i,max
Performance Metrics:
\ P_thermal CH/CH_total
Step 6 Step 5 Step 4 P_daylight = UDI%/100
Controlled Analysis Variance Analysis Buiding Simulation . .
Parameter Sweeps Key Factors EnergyPlus + Radiance Statiatical A"'_ly""
Optimal Ranges Performance Evaluation F_i USE
/ Signi tF 4> L0
Optimization:
R_optimal 1R_1
for significant parameters
Visibility:
Step 7 Step 8 Step 9 VR = A_view/A_facade X 100%
Secondary Simulation Visual Assessment Design Strategy
Performance Aesthetic & Visibility Synthesis
Validation Screening Guidelines
Key Inputs and Outputs Performance Indicators
Inputs: Qutputs: Thermal Comfort:

= 4 Envelope Types (Single/Double Curtain Walls, Shading, Enclosure) = Optimal Parameter Ranges for Each Envelope Type
+ Performance Trade-off Analysis
« Practical Design Guidelines for Subtropical Climates

+ 10 Design Parameters (U-values, WWR, SHGC, VT, elc.)
« Shenzhen Sublropical Climate (TMY Data)

Comfortable Hours (19.4-26.1°C)
Daylighting:

UD1% (100-2000 Ix)

Visual Quality:

Aesthetics + Visibility Ratio

Fig. 1. Research framework.

guidelines with optimal parameter ranges for each envelope type. The
multi-criteria evaluation framework provides comprehensive consider-
ation of performance trade-offs, bridging the divide between theoretical
understanding and practical implementation for subtropical high-rise of-
fice buildings. By establishing evidence-based parameter ranges derived
from systematic parametric analysis, this research provides designers
with actionable guidance that has been lacking in previous literature,
directly addressing the theory-practice gap that perpetuates suboptimal
envelope design in subtropical high-rise construction.

To clarify the scope of this study, this work focuses specifically on
vertical facade systems rather than the complete building envelope.
While the term "building envelope" technically encompasses all building
enclosure surfaces (walls, roof, and foundation), this research examines
only the exterior wall assemblies, which dominate environmental per-
formance in high-rise office buildings. The terms "building envelope,"
"facade system," and "curtain wall" are used throughout to refer specifi-
cally to these vertical wall components, with curtain walls representing
the non-load-bearing, glazing-dominated subset.

3. Methodology

This research employs a systematic parametric simulation and anal-
ysis approach using orthogonal experimental design to evaluate curtain
wall performance for subtropical high-rise office buildings. The method-
ology integrates building performance simulation with fagade visual
analysis to develop comprehensive design strategies that balance ther-
mal comfort, daylighting quality, and visual aesthetics. The research
framework is formulated to enable quantitative optimization of multi-
ple design objectives simultaneously. As the primary objective of this
work is to comparative evaluate 128 design alternatives and establish
relative performance hierarchies and optimal parameter ranges, the rel-
ative accuracy of validated simulation tools like EnergyPlus and Radi-

ance is paramount, consistent with established methodologies for design
pattern analysis. Absolute performance prediction, which would neces-
sitate field validation, is beyond the scope of this strategic design explo-
ration.

3.1. Research framework and building model

This research employs a systematic nine-step parametric analysis
framework to optimize curtain wall performance for subtropical high-
rise office buildings, as illustrated in Fig. 1. The methodology integrates
orthogonal test design with building performance simulation and vi-
sual assessment to develop comprehensive design strategies that balance
thermal comfort, daylighting quality, and aesthetic considerations.

The research workflow proceeds through nine interconnected steps
as depicted in Fig. 1: (1) field investigation and envelope classification to
identify prevalent facade types in subtropical regions, (2) establishment
of design parameter ranges based on building standards and existing re-
search, (3) orthogonal test design to systematically explore the param-
eter space with minimal computational cost, (4) building performance
simulation using EnergyPlus and Radiance to evaluate thermal and day-
lighting performance, (5) variance analysis through ANOVA to identify
statistically significant design parameters, (6) controlled variable anal-
ysis using optimal combinations to characterize individual parameter
influences, (7) secondary simulation to validate performance relation-
ships and determine optimal parameter ranges, (8) visual assessment to
eliminate designs with poor aesthetic quality or inadequate interior visi-
bility, and (9) synthesis of passive design strategies that achieve superior
environmental and aesthetic performance.

The investigation centers on a standardized office unit measuring
20 m in length, 10 m in width, and 3 m in height, representing typi-
cal configurations in subtropical high-rise buildings as shown in Fig. 2.
This standardized model enables consistent comparative analysis across
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Fig. 2. Envelope configurations and indoor space evalu-
ated in this research.

b) Envelope with continuous shading

d) Double-layer curtain wall

e) Indoor space

different envelope types while maintaining relevance to actual building
practice. The office unit dimensions align with common planning mod-
ules in Chinese high-rise construction, ensuring that the research find-
ings are applicable to real-world design scenarios. The research frame-
work is mathematically formulated to enable quantitative optimiza-
tion of multiple design objectives simultaneously. The general multi-
objective optimization goal can be expressed in Egs. (1) and (2):

Maximize : f(xl,xz, ,x,,) =Wy * Prpermar(X) + Wy + Pygyiign(X) (€))

Subject 10 : X; iy < X; < Xj gy

fori=1,2,...,n 2
where x; represents design variables (WWR, U-values, shading coeffi-
cients, etc.), Pyepmq @0d Py, are normalized performance functions
for thermal comfort and daylighting respectively, and w,, w, are weight-
ing factors. To address the challenge of comparing fundamentally dif-
ferent performance criteria (thermal comfort measured in comfortable
hours versus daylighting measured in UDI percentage), both metrics
were normalized to a 0-1 scale before aggregation. The normalization
was performed using min-max scaling across all design configurations
within each envelope type, where the normalized value for any metric
equals (actual value - minimum value) / (maximum value - minimum
value). This scheme ensures that both thermal and daylighting perfor-
mance contribute equally to the composite Performance Index regard-
less of their original units or scales.

The above quantitative optimization addresses thermal comfort and
daylighting performance, while aesthetic quality is evaluated through
a subsequent screening stage using questionnaire as used previously in
Yi’s study [35]. Facade visual quality was assessed through a question-
naire survey involving 20 postgraduate students majoring in architec-
ture, who rated each configuration for aesthetic acceptability. This two-
stage approach reflects professional design practice where aesthetic ac-
ceptability serves as a design constraint rather than a continuously op-
timized variable. Configurations achieving superior environmental per-
formance but rated as aesthetically poor or exhibiting inadequate inte-
rior visibility are systematically eliminated from final recommendations,
as detailed in Section 3.7.

f) Space height

Single-layer curtain wall

Shading and single-layer curtain wall

Double-layer curtain wall

Building skin type

Continuous shading and enclosure structure

=]
S
¥
=]
w
=]
'
=]
w
S
o
=]
-
=]

Percentage (%)

Fig. 3. Proportion of envelope types of high-rise office buildings in Shenzhen
and Guangzhou.

3.2. Building envelope classification and characterization

Field investigation of high-rise office buildings in Guangzhou and
Shenzhen formed the basis for envelope classification in this work.
Through keyword searches on architectural databases and direct field
surveys, over ninety subtropical high-rise office buildings were ana-
lyzed, yielding 71 cases with envelope structures meeting the study cri-
teria (41 in Shenzhen, 30 in Guangzhou). This analysis revealed four
distinct envelope categories: single-layer curtain walls (59 % of cases),
single-layer curtain walls with shading (32 %), double-layer curtain
walls (5 %), and continuous shading with enclosure structures (4 %),
as illustrated in Fig. 3.

The prevalence of single-layer curtain walls reflects their construc-
tion efficiency and relatively lower costs compared to alternative sys-
tems. Curtain walls incorporating various materials and shading con-
figurations enable diverse facade effects while addressing solar control
requirements. The limited adoption of double-skin curtain walls likely
results from higher construction costs and potential overheating risks in
subtropical climates when improperly designed. Table 1 presents repre-
sentative examples of each envelope category, demonstrating the range
of design approaches within each classification. The classification was
based on a multitude of factors encompassing design, materials, and con-
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Table 1
Subtropical high-rise public curtain wall prototypes.
Key Wall solar radiation absorption coefficient: 0.12-0.43;
element WWR: 0.4-0.5; Window operable area ratio: 10-30%; External shading coefficient:
values 0.4-0.6
[EEHHEHR R Bk
Hi L 0O |
il
Reference
i E 1.5 t 0.5
constructio Every 2.5m in width, set Every 1.5m setup a 0.5m very m setp a .m
n . opaque horizontal shading
up opaque panel and every ~ opaque section, and every and a 0.4m dee
0.9m set up a horizontal 1.5m set up a 0.6m deep . o P
. . . . horizontal shading, as well
shading panel that is 0.4m and 0.1m thick vertical .
. . as a 0.6m deep vertical
deep and 0.1m thick. shading. .
shading.
Reference Wall: silver and light-colored exterior wall coatings, aluminum decorative panels,
materials white marble finishes.
= k|
= i
= i
Fagade ; Eq
design = i ;
= RE
s £ b
———
memal  CEEHE  JFFEFE  HH FTHE  HHEe PR
visibili
4 Average visibility: 35.9%  Average visibility: 37.9%  Average visibility: 35.5%
Comfortabl 599 h 600 h 601 h
e hours
Uselul Daylight luminance (%) 100 Uselul Daylight Hluminance (%) 100 Uselul Daylight Hluminance (%) 100
Effective I I
illuminance
percentage 0 0 0
86.8% 79.9% 75.5%

struction methodologies. Building construction and facade appearance
provides a basis for classifying buildings employing curtain walls. Based
on whether buildings use shading devices and the number of layers in
curtain walls, they can be categorized into three distinct types: single-
layer curtain walls, single-layer curtain wall with shadings, and double-
layer curtain walls. Previous studies comparing the energy-saving per-
formance of single-layer curtain walls with shadings to those without
shading have shown that these are typically regarded as distinct design
patterns [37].

3.3. Design parameters and material specifications

Design variables were systematically identified for each envelope
type based on their influence on thermal, visual, and construction per-
formance. The parameter space can be mathematically represented as
Eq. (3):

X = {xl,xz,...,x7,x8,x9,x10} 3)

where the common parameters for all envelope types are
: x; = U,y,: wall heat transfer coefficient [W/(m?K)]

- x, = a: solar radiation absorption coefficient of opaque materials
[-]

- x3 = U,;,: glass heat transfer coefficient [W/(m?K)]

- x4 = SHGC: solar heat gain coefficient [-]

- x5 = VLT: visible light transmittance [-]
- x¢ = WW R: window-to-wall ratio [-]
- x; = OAR: window operable area ratio [%]

In this work, glazing systems were modeled using the WindowMa-
terial:SimpleGlazingSystem object in EnergyPlus, characterized by U-
factor, SHGC, and VLT. This approach represents established practice in
comparative envelope optimization research [27,29,38,39] and is ap-
propriate for parametric studies focused on identifying relative perfor-
mance hierarchies and optimal parameter ranges rather than absolute
performance prediction. Research on window thermal performance has
demonstrated that center-of-glass properties (U-factor, SHGC) dominate
overall window performance in high window-to-wall ratio applications
typical of curtain wall systems [40], justifying the focus on glazing pa-
rameter optimization.

Additional type-specific parameters include

: xg = ESC: external shading coefficient [-] (for all types except
single-layer curtain walls)

- xg = CD: cavity depth [mm] (for double-layer curtain walls only)
- x;9 = VOH: ventilation opening height [mm] (for double-layer cur-
tain walls only)

The design space constraints are defined as detailed in Table 2. These
ranges encompass the spectrum of materials and configurations com-
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Table 2
Design elements for different high-rise building facades.
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Single-layer curtain wall

Continuous shading and enclosure structure

Single-layer curtain wall with shading ~ Double-layer curtain wall

Material Elements Uyall Uyall

a 4

Uin Uin

SHGC SHGC

VLT VLT
Construction WWR WWR
Parameters openable area ratio opening area ratio

- external shading coefficient

Uyan Uyanl
a o

Ui Ui
SHGC SHGC
VLT VLT
WWR WWR

openable area ratio open area ratio

external shading coefficient external shading coefficient
- Depth of cavity

- Height of windowsill

monly available in subtropical construction practice, ensuring realistic
optimization within practical implementation boundaries.

The parameter ranges are established through analysis of applicable
building standards and existing research [41-43], which are as follows:

025 <SHGC <£0.87
0.11 VT <£0.83

1.7 < Uy, <58 [W/(m* - K)]

win =
036 S U,y < 1.03 [W/(m* - K)|
0.12 <a<0.73
03 <WWR <07
10 < OAR < 50[%]
0.1 <ESC <09
100 < CD < 1000 [mm]
100 < VOH <700 [mm]

3.4. Performance evaluation metrics

Building performance evaluation employs two primary metrics
aligned with passive design principles under natural conditioning. The
thermal comfort performance is quantified through comfortable hours
(CH), while daylighting performance is assessed using Useful Daylight
[luminance percentage (UDI %).

Comfortable hours represent periods when indoor temperatures fall
within acceptable ranges without mechanical conditioning. Based on
research specific to subtropical public buildings under natural ventila-
tion, the comfort temperature range for Guangzhou was established as
19.4 °C to 26.1 °C [44]. The thermal performance function is defined in
Eq. (4) as:

CH

total

Pthermal = x 100% (4)
where

: CH = Y 1, for all occupied hours where 19.4 °C < T; <26.1°C

ndoor

- CH,,, = 1040 h (total occupied hours during simulation period)
out of 3480 h (total simulation period)

-T; = indoor air temperature at hour i

indoor

Useful Daylight Illuminance (UDI) percentage quantifies daylighting
performance throughout the year [45]. The UDI is calculated as Eq. (5):

H,
UDI% = =2« 100% )
total
where
: H,y, r,y = number of hours when 100/x < E, o, pigne < 2000/x

- H,,,, = total daylight hours during simulation period

= E porkpiane = illuminance on the working plane at 0.75 m height

The working plane illuminance is evaluated using a 2 m x 2 m grid
system, with the average illuminance calculated as for n grid points
shown in Eq. (6):

n
1
Eae ==X 2 E; ©6)
i=1

The simulation period corresponds to transitional seasons in Shen-
zhen’s typical meteorological year (TMY), specifically February 6 to
April 20 and November 3 to January 12, totaling 145 days (3480 h).
Thermal comfort and daylighting performance were evaluated only dur-
ing occupied hours (weekdays 8:00-18:00), yielding 1040 occupied
hours for assessment.

Natural ventilation operation follows the control equation:

Open if12°C < T, <28°C
Ventilati - ’ = utdoor = 7
CnHLation siaws {Closed, Otherwise @
where T,,,,,,, is the outdoor air temperature.

Natural ventilation was modeled using the ZoneVentila-

tion:WindandStackOpenArea module in EnergyPlus, which calculates
ventilation rates dynamically based on wind-driven and buoyancy-
driven airflow through operable window openings. Key input pa-
rameters include: operable window area determined by the window
openable area ratio (10-50 % of total window area as specified in
the parametric design variables), opening effectiveness coefficient of
0.6 for sliding windows typical of curtain wall systems, and discharge
coefficient of 0.65 for combined wind and stack effect calculations.
This approach calculates hourly ventilation rates as a function of wind
speed, wind direction, indoor-outdoor temperature difference, and
opening geometry.

Daylighting performance was evaluated using the Radiance light-
ing simulation engine (version 5.3) integrated with EnergyPlus through
the EnergyPlus-Radiance coupling workflow. The integration employs
a three-pass simulation approach: (1) EnergyPlus generates hourly sky
conditions and building geometry, (2) Radiance performs ray-tracing
calculations for each daylight hour, and (3) results are fed back to En-
ergyPlus for thermal load calculations.

The Radiance simulation parameters were configured as follows:

e Ambient bounces: 5 (-ab 5) for accurate multi-surface reflections

¢ Ambient divisions: 1000 (-ad 1000) for high-quality indirect illumi-
nance calculation

e Ambient super-samples: 20 (-as 20)
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Table 3

Operational schedules for building performance simulation.
Parameter Schedule Value/Description
Occupancy Weekdays 8:00-12:00 100 % occupied

Weekdays 12:00-14:00
Weekdays 14:00-18:00

Weekends
Occupant Density Al occupied hours
Lighting Weekdays 8:00-18:00
Weekends
Equipment Weekdays 8:00-18:00
Weekends
Infiltration Windows closed

Windows open (natural ventilation)
HVAC Operation Simulation period

50 % occupied (lunch break)
100 % occupied

Unoccupied

0.1 person/m? (10 m?/person)
9 W/m? installed power density with daylight-responsive control
Off

15 W/m? plug load density
Off

0.5 ACH

0 ACH

Disabled (transitional seasons)

e Ambient resolution: 300 (-ar 300)
e Limit reflection: 7 (-Ir 7) to track deep light paths

Material properties were assigned based on measured spectral re-
flectance values: interior walls (reflectance 0.70), ceiling (reflectance
0.80), floor (reflectance 0.20), and exterior ground surfaces (reflectance
0.15). Glazing optical properties including transmittance, front and
back reflectance were derived from the International Glazing Database
(IGDB) for each glass specification in the design parameter matrix.

Iluminance calculations employed a regular grid of 25 virtual sen-
sors positioned on the working plane at 0.75 m height above the finished
floor. The sensor array was configured as a 5 x 5 grid with 2-meter spac-
ing in both x and y directions, covering the primary work zone from 2 m
to 18 m depth from the facade and centered laterally within the 10 m
width. This configuration provides spatial resolution adequate to cap-
ture illuminance gradients while maintaining computational efficiency.

Each sensor calculated horizontal illuminance values (Ev) at hourly
intervals throughout the simulation period. The UDI metric was com-
puted by evaluating the fraction of occupied hours (8:00-18:00 on week-
days) when illuminance at each sensor point satisfied the useful range
criterion (100-2000 lux). The overall UDI percentage reported for each
design configuration represents the spatial average across all 25 sensor
points, where n represents the total number of sensor points (n = 25).
This averaging approach ensures that the reported UDI values reflect the
overall spatial daylighting quality rather than being biased by extreme
values at specific locations.

Since the study focuses on passive design performance during tran-
sitional seasons when natural ventilation is available, the HVAC system
was disabled during the simulation period of February 6-April 20 and
November 3-January 12. The comfortable hours metric therefore rep-
resents periods achievable through passive means alone, without me-
chanical conditioning. Operational schedules were defined according to
typical office building occupancy patterns in China (GB50189-2015).
These schedules shown in Table 3 ensure that performance metrics are
evaluated under realistic occupancy and internal gain conditions repre-
sentative of actual office building operations in subtropical China.

3.5. Orthogonal test design

Orthogonal test design enables systematic evaluation of multiple fac-
tors across their value ranges while minimizing the number of required
simulations. For k factors each at m levels, a full factorial design would
require m* simulation scenarios. The orthogonal design reduces this to
n simulation scenarios where n < m* while maintaining statistical va-
lidity.

Each factor was divided into four levels (m = 4) within established
parameter ranges, with separate orthogonal test conducted for each
envelope type. For the seven common parameters, this yields L;4(47)
orthogonal arrays, requiring only 16 simulation scenarios instead of
47 = 16,384 full factorial combinations. Additional simulation scenar-
ios account for type-specific parameters, resulting in 32 total simulation

scenarios per envelope type. The orthogonal array ensures balanced rep-
resentation across factor levels, with the design matrix satisfying the
requirement shown in Eq. (8):

n
injxxkj=)»6ik forall factor si,k and7\=% 8)
j=1
where x;; is the level of factor i in scenario j, §; is the Kronecker delta,
and A ensures orthogonality.
To enable comparative analysis across envelope types, the two pri-
mary environmental performance evaluation indicators were normal-
ized and combined. The composite performance index is calculated as:

PI = wy X Pfherma/,norm + wy X Pdaylight,norm (9)
where
2 Pormalnorm = % (normalized thermal performance)
-P = UDI% (normalized daylightin, rformance)
daylight,norm — ~ (0 ormalize aylig § periormance

- w; = w, = 0.5 (equal weighting factors)

The normalized scores range from 0 to 1, with higher Performance
Index (PI) values indicating superior combined thermal and lighting
environments. The equal weighting of thermal comfort and daylight-
ing performance (w; = w, = 0.5) reflects established multi-objective
optimization practice in building performance research. The weighted-
sum method is a fundamental technique for combining multiple ob-
jectives into a single performance metric, as documented in compre-
hensive reviews of computational optimization methods applied to sus-
tainable building design [34,46]. Balanced weighting factors based on
normalized sub-objectives represent a balanced decision-making ap-
proach adopted in previous building envelope optimization research to
achieve unbiased evaluation across multiple performance dimensions
[47]. This approach is particularly appropriate for developing general
design guidelines applicable to diverse project contexts, where different
stakeholders may prioritize thermal or visual performance differently.

To validate the robustness of this equal weighting approach, we have
also conducted sensitivity analysis examining how performance rank-
ings and optimal parameter ranges respond to alternative weighting
schemes. Fig. 4 documents the results under three weighting scenar-
ios: equal weighting (w; = w, = 0.5), daylighting emphasis (w; = 0.3,
w, = 0.7), and thermal emphasis (w; = 0.7, w, = 0.3). The analysis
reveals that performance hierarchies can remain relatively stable across
all envelope types, with single-layer curtain walls with shading consis-
tently achieving good Performance Index values of 0.68-0.75 regardless
of weighting scheme. Optimal parameter ranges show minimal varia-
tion, with WWR ranges remaining unchanged (0.4-0.6 for single-layer
systems) and external shading coefficient ranges shifting by <0.05 units,
which is <10 % of parameter ranges. This stability indicates that our
recommended balanced weighting factors can provide reliable guidance
despite changes in project-specific priorities, as configurations achiev-
ing balanced performance through effective solar control and natural
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Equal weighting
B (1205, w2=0.5)
Daylighting emphasis
B w1=03, w2=0.7)
Thermal emphasis

B (1207, w2:0.3)

Performance Index

Single-layer
with shading
Envelope Type

Double-layer Continuous
curtain wall shading

Single-layer
curtain wall

Fig. 4. Sensitivity analysis of performance rankings and optimal parameter
ranges under alternative weighting schemes.

ventilation optimization simultaneously benefit both thermal comfort
and daylighting quality.

3.6. Controlled variable analysis and optimization

Following identification of high-sensitivity design elements, detailed
performance relationships were established through controlled variable
analysis. This process involves systematic parametric sweeps of signifi-
cant variables while maintaining other parameters at their optimal val-
ues identified from orthogonal tests.

For each significant parameter x;, the optimization process follows:

1. Select baseline configuration: x* = arg max(PI) from orthogonal re-
sults

2. Vary parameter x; while fixing x; = xj for all ji

. Evaluate performance function: PI(x;) = f(x;, x*,)

4. Identify optimal range: R; = x;|PI(x;) > Pl esn0id

w

The performance threshold is typically set as the 50th percentile of
performance values as indicated in Eq. (10):

Plthreshald = PSOPI(xi)lxi € [xi,min’xi,max] (10)
For continuous variables, the optimal range is defined as:
Ri = [xi,lawer’ xi,upper] where PI(Xi,Iower) = PI(xi,upper) = PIthreshold (11)

The intersection of optimal ranges across multiple parameters de-
fines the recommended design domain for each envelope type, which is

R pimar = N R; for all significant parameters i.
1

3.7. Visual assessment and design selection

Building envelope design evaluation extends beyond quantitative
performance metrics to encompass visual quality and interior visibility
considerations. The assessment employs both qualitative facade analy-
sis and quantitative visibility metrics to ensure comprehensive design
evaluation.

Facade visual analysis examines the aesthetic quality of envelope
configurations through systematic evaluation of design coherence, pro-
portional relationships, and visual appeal. Designs characterized by poor
visual effects that would be unacceptable in professional practice are
systematically eliminated from consideration. This qualitative screening
ensures that performance optimization does not compromise architec-
tural quality.

Indoor visibility assessment employs geometric analysis to quantify
visual connection to the exterior environment. The visibility ratio can
be calculated by Eq. (12):

Ao

VR=—2% % 100% (12)
facade

where

: Ao = Viewable outdoor area from interior viewpoint
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- Afgcade = total facade area within the viewing field

Two standard viewing positions are evaluated:

1. Frontal viewpoint: Positioned centrally opposite the building skin at
distance d = 3.0 m

2. Side viewpoint: Located at the left corner of the room at distance
d=15m

Both viewpoints assume a human eye height of h = 1.7 m above floor
level. The viewing field is constrained by room geometry and envelope
configuration, with obstructions from structural elements and shading
devices calculated using geometric projection methods. For each view-
point, the horizontal and vertical viewing angles are determined by 6,
and 0, in the following Eqs. (13) and 14:

w,
0, =2 Xxarct — oo 13
n arctan ( % d (13)
H. ., —h H —h
0, = arctan ceiting 7 _ arctan Zfloor 7 7 (14)
d d
where W,,,, is the room width, H_,;;,, and H . define the vertical

viewing boundaries, and d is the viewing distance.

Higher visibility ratios indicate superior visual connection to the ex-
terior environment, representing an important factor in occupant sat-
isfaction and perceived space quality. The average visibility ratio from
both viewpoints provides a comprehensive measure of interior visual
performance shown in Eq. (15):

_ VRfronm[ + VRside

V Ry = 5 (15)

4. Results
4.1. Overall performance of envelope types

The orthogonal test analysis of 128 design combinations across four
envelope typologies revealed distinct performance hierarchies under
subtropical climatic conditions. Table 4 presents the comprehensive per-
formance summary for all envelope types, establishing the quantitative
foundation for subsequent optimization analysis.

As shown in the table, single-layer curtain walls with shading demon-
strated superior environmental performance despite showing the widest
variation in UDI percentage. The optimal configurations (C5, C14, C22)
achieved 599-601 comfortable hours, representing a 7-8 % improve-
ment over conventional single-layer systems. Double-layer curtain wall
systems ranked second, with optimal cases achieving performance in-
dices ranging from 0.68 to 0.75 across different orientations. Contin-
uous shading with enclosure structures achieved the highest average
comfortable hours (583 h) but exhibited the most variable daylighting
performance. Single-layer curtain walls without shading consistently un-
derperformed across all evaluation criteria.

4.2. Key design parameter identification

Variance analysis revealed significant disparities in parameter sensi-
tivity across envelope types, with F-ratios and significance levels estab-
lishing the statistical foundation for optimization procedures. Table 5
summarizes the critical design parameters identified through ANOVA
for each envelope type.

The results presented in Table 5 demonstrate that external shad-
ing coefficient achieved the highest statistical significance (F = 78.78)
among all parameters examined, occurring in the continuous shading
system. This extreme sensitivity indicates that shading optimization is
paramount for this configuration. Window openable area ratio consis-
tently emerged as a critical thermal parameter across shaded systems (F-
ratios: 5.23-9.70), suggesting that natural ventilation capacity becomes
essential when solar heat gain is controlled.
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Table 4
Performance summary of four envelope types in subtropical climate.
Envelope Type Comfortable Hours (h) UDI ( %) Optimal Cases Performance Ranking
Range Average Range Average
Single-layer curtain wall with shading ~ 489-606 573 12.0-94.1 61.2 C5, C14, C22 1st
Double-layer curtain wall 549-625 573 46.5-95.1 70.1 D2, D29, D60, D33 2nd
Continuous shading with enclosure 553-607 583 11.4-89.4 56.7 B14, B16, B20, B29 3rd
Single-layer curtain wall 440-591 557 64.8-77.5 67.2 A2, A17, A28, A30 4th

Table 5

Critical design parameters by envelope type according to ANOVA results.

Envelope Type Parameter F-ratio  Significance (p)  Performance Impact
Single-layer curtain wall Glass U-value 1.84 0.16 Thermal (primary)
Window-to-wall ratio 6.82 <0.01 Daylighting (high significance)
Wall U-value 1.38 0.27 Thermal (secondary)
Single-layer with shading =~ Window openable area ratio 9.7 < 0.01 Thermal (high significance)
External shading coefficient 23.42 <0.01 Daylighting (highest significance)
Solar absorption coefficient 2.38 0.09 Thermal (moderate)
Window-to-wall ratio 2.13 0.12 Daylighting (moderate)
Double-layer curtain wall ~ Window openable area ratio ~ 5.23 < 0.01 Thermal (high significance)
External shading coefficient 9.69 < 0.01 Daylighting (high significance)
Ventilation opening height 1.37 0.26 Thermal (moderate)
Window-to-wall ratio 4.08 < 0.01 Daylighting (high significance)
Continuous shading External shading coefficient 78.78 <0.01 Daylighting (high significance)
Window openable area ratio 9.7 < 0.01 Thermal (high significance)
Window-to-wall ratio 5.26 < 0.01 Thermal (high significance)

The comprehensive ANOVA results are visualized in Fig. 5 through
heatmap analysis, which facilitates intuitive interpretation of the com-
plex statistical relationships. Fig. 5a demonstrates that comfortable
hours are most strongly influenced by window openable area ra-
tio in continuous shading systems (dark red coloration indicating F-
ratio = 9.70), followed by window openable area ratio in shaded single-
layer systems and double-layer systems. Glass U-value shows moderate
influence in single-layer systems (F-ratio = 1.84), while most other ther-
mal parameters exhibit minimal impact across envelope types.

The daylighting performance analysis in Fig. 5b reveals a dramat-
ically different sensitivity pattern, with external shading coefficient in
continuous shading systems showing extreme significance with F-ratio
of 78.78. This represents the highest F-ratio observed across the entire
analysis, indicating that daylighting performance in continuous shading
systems is extraordinarily sensitive to shading optimization. Window-to-
wall ratio demonstrates consistent moderate-to-high significance across
multiple envelope types for UDI performance, particularly in single-
layer and double-layer systems.

Fig. 5c presents the combined statistical significance, highlighting
parameters where either thermal or daylighting performance achieved
statistical significance (p < 0.05). The darkest regions indicate param-
eters with the highest statistical reliability, revealing that window-to-
wall ratio and window openable area ratio achieve significance across
multiple envelope types, while external shading coefficient shows con-
centrated significance in shaded systems.

The summary analysis in Fig. 5d isolates only statistically signifi-
cant parameters (p < 0.05), clearly demonstrating the concentrated im-
portance of specific parameter-envelope combinations. External shad-
ing coefficient emerges as the dominant factor for continuous shad-
ing and shaded single-layer systems, while window openable area ratio
maintains consistent significance across shaded envelope types. Notably,
single-layer curtain walls without shading show limited statistical sig-
nificance for any parameters, suggesting weaker optimization potential
compared to more sophisticated envelope systems.

Fig. 6 synthesizes the parameter sensitivity findings across all en-
velope types, further highlighting the distinct optimization priorities
for each system. The comparative visualization reveals that envelope-
specific parameter hierarchies require tailored design approaches, with
shading optimization dominating continuous shading systems while
thermal properties govern single-layer curtain wall performance.

10

The visualization in Fig. 6 confirms three distinct parameter sen-
sitivity patterns identified through variance analysis. Single-layer sys-
tems demonstrate moderate sensitivity across multiple parameters with
no dominant factor, requiring balanced optimization. Shaded systems
show clear hierarchical importance with external shading coefficient
and window openable area ratio emerging as primary controls. Contin-
uous shading systems exhibit extreme sensitivity to shading optimiza-
tion, with the external shading coefficient F-ratio exceeding all other
parameters across envelope types by a factor of three or more. These
patterns inform the controlled variable analysis approach described in
Section 4.3, where parameters are optimized according to their statisti-
cal significance within each envelope category.

4.3. Parameter optimization and performance relationships

Controlled variable analysis of the statistically significant param-
eters identified through variance analysis revealed systematic perfor-
mance relationships across all envelope types. The correlation analyses
demonstrated that glass U-value reduction from 5.8 to 1.7 W/(m?K)
in single-layer curtain walls produced 12-15 % increases in comfort-
able hours, with correlation coefficients exceeding R?> = 0.92 across
orientations. Window-to-wall ratio optimization exhibited bounded re-
lationships for all envelope types, with performance declining sharply
outside optimal ranges due to competing thermal and daylighting re-
quirements. Detailed correlation analyses, scatter plots, and comprehen-
sive parametric relationships for each design element are presented in
Appendix A "Best Ranges for Key Envelope Parameters" for readers re-
quiring in-depth technical analysis.

External shading coefficient optimization revealed curvilinear per-
formance relationships, particularly evident in shaded systems where
coefficients below 0.3 provided insufficient solar protection while val-
ues exceeding 0.7 caused detrimental over-shading. Window openable
area ratio demonstrated orientation-dependent optimization patterns,
with east facades accommodating higher ventilation rates compared to
thermally demanding south and west orientations. Double-layer systems
showed unique sensitivity to ventilation opening height, with peak per-
formance at 500 mm reflecting optimal cavity airflow dynamics.

The optimization analysis presented in Table 6 demonstrates that
systematic parameter tuning achieves 15-20 % performance improve-
ments over conventional design approaches. The most significant find-
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(b) F-ratios for UDI Performance
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Fig. 5. ANOVA Results: Parameter Significance Analysis for Building Envelope Types in Subtropical Climate.
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Fig. 6. Comparative parameter sensitivity across envelope types based on
ANOVA F-ratios.

ing was the identification of envelope-specific parameter hierarchies,
where single-layer systems prioritize glass thermal properties, shaded
systems emphasize ventilation and shading balance, double-layer sys-

11

tems require cavity optimization, and continuous shading systems de-
mand precise shading calibration. These relationships provide the quan-
titative foundation for the design guidelines presented in subsequent
sections.

The optimal parameter ranges presented in Fig. 6 show similar val-
ues across orientations for certain parameters, such as WWR and glass
U-value in single-layer systems, while exhibiting orientation-specific
variations for others such as external shading coefficient and window
openable area ratio. This pattern reflects two considerations. First, pa-
rameters with similar optimal ranges across orientations exhibit rela-
tively flat performance curves within the optimal zone, where the iden-
tified range achieves acceptable performance regardless of facade direc-
tion. Second, unified ranges for certain parameters reflect practical con-
struction considerations, as building facades typically use similar ma-
terials and specifications across orientations to promote visual consis-
tency and cost efficiency. When optimal values differ only marginally
across orientations, the recommended ranges represent values that
perform acceptably for all orientations, providing practically imple-
mentable guidelines. Parameters with stronger orientation dependence,
particularly those related to solar control, retain orientation-specific
recommendations.
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Table 6
Recommended ranges of key design elements for four types of curtain wall.
Envelope Type Parameter East South West North Units
Single-layer curtain Window-to-wall ratio 0.4-0.6 0.4-0.6 0.4-0.6 0.4-0.6 —
wall
Glass U-value 1.7-3.8 1.7-3.8 1.7-3.8 1.7-3.8 W/(m?K)

Performance gain

Glass U-value optimization: 12-15 % increase in comfortable hours; WWR

optimization: 8-12 % balanced improvement

Single-layer curtain Window-to-wall ratio 0.4-0.5 0.4-0.5 0.4-0.6 0.4-0.6 —
wall with shading
Window openable area ratio 20-40 10-35 10-25 10-25 %
External shading coefficient 0.2-0.5 0.2-0.3 0.3-0.4 0.3-0.4 —
Solar heat gain coefficient 0.1-0.4 0.1-0.4 0.1-0.4 0.1-0.4 —

Performance gain

Shading coefficient optimization: 15-20 % increase in UDI; openable area

optimization: orientation-dependent thermal comfort improvement

Double-layer curtain Window-to-wall ratio 0.5-0.6 0.5-0.6 0.5-0.7 0.5-0.6 —
wall
Window openable area ratio 20-35 20-35 20-30 10-25 %
External shading coefficient 0.5-0.7 0.3-0.6 0.4-0.5 0.5-0.7 —
Ventilation opening height 400-600 400-600 400-600 400-600 mm

Performance gain

Ventilation height optimization: 10-15 % thermal comfort improvement;

shading optimization: 15-20 % daylighting improvement

Continuous shading Window-to-wall ratio 0.4-0.5
with enclosure
Window openable area ratio 20-30
External shading coefficient 0.2-0.5

Performance gain

0.4-0.5 0.5-0.6 0.5-0.6 —
25-35 20-30 25-35 %
0.2-0.3 0.3-0.4 0.3-0.4 —

Shading coefficient optimization: 18-25 % daylighting improvement (highest

sensitivity); WWR optimization: 10-15 % thermal comfort improvement

4.4. Design guidelines and strategies

Based on the parameter optimization results and performance rela-
tionships established in Section 4.3, this section presents comprehensive
design guidelines for the four envelope types examined in this study. The
guidelines integrate thermal comfort performance, daylighting quality,
and visual aesthetics to provide practical recommendations for subtropi-
cal high-rise office building design. After conducting analyses and eval-
uations of the visual effects and interior visibility for various combi-
nations of building design elements which are detailed in Appendix B:
Facade Visual Analysis and Appendix C: Visibility Analysis, we elimi-
nated configurations with poor aesthetic quality or inadequate interior
visibility from the final design recommendations. The following subsec-
tions present the optimized design strategies for each envelope type.

4.4.1. Single-layer curtain wall

This article focuses on the design of single-layer curtain walls by
adjusting two key elements that can affect the appearance of the enve-
lope: the window-to-wall ratio and the ratio of the area of the window
that can be opened. The optimal range for the window-to-wall ratio was
found to be 0.4 to 0.6, and the optimal range for the openable window
area ratio is 10 % to 30 %. For other single-layer curtain wall elements,
values from the optimal configuration in the orthogonal test and ac-
tual materials were used. The wall heat transfer coefficient was set at
0.83 W/(m?eK), the wall solar radiation absorption coefficient is 0.48,
the glass heat transfer coefficient is 1.9 W/(m?2eK), the glass solar heat
gain coefficient is 0.28, and the visible light transmittance (VLT) of the
glass is 0.48.

Based on the distribution of opaque components, single-layer curtain
walls can be classified into three types: pure glass curtain wall (including
horizontal segmented glass curtain wall), uniformly segmented single-
layer curtain wall, and vertically segmented single-layer curtain wall.
The window-to-wall ratio of the pure glass curtain wall is approximately
0.7. However, a larger window-to-wall ratio in full glass curtain walls
was found to cause indoor overheating and glare problems, resulting in
relatively poor passive design performance. Therefore, this study mainly
focuses on uniformly segmented and vertically segmented single-layer
curtain walls and does not address pure glass curtain wall design. For the
uniformly segmented single-layer curtain wall and vertically segmented
single-layer curtain wall, this article designs four samples for each, and
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a total of eight typical envelopes are obtained. The four samples for
each single-layer curtain wall type consider different combinations of
window-to-wall ratio and openable window area ratio (window-to-wall
ratios of 0.4 and 0.6 for single-layer curtain walls, and openable area
ratios of the area of the window 20 % and 30 % was used). The typical
envelope of the single-layer curtain wall is numbered by "a", where al
to a4 represent the uniformly segmented single-layer curtain wall, and
a5 to a8 represent the vertically segmented single-layer curtain wall as
summarized in Table 7.

After analyzing the simulation results, the recommended design
strategy for single-layer curtain wall facades is to select type a3 as it
demonstrates a more effective passive design performance compared to
types al, a7, and a5. It was also essential to identify and eliminate fa-
cades with subpar indoor and outdoor visual quality. According to the
visual analysis results, no facades exhibited poor visual effects. The pas-
sive design strategy for single-layer curtain walls therefore consists of
types a3, al, and a7 as detailed in Table 8.

Among the eight configurations with single-layer curtain walls de-
picted in Appendix B, none exhibited obviously poor facades aesthetics,
allowing all configurations to remain under consideration for final de-
sign recommendations. Using pure glass curtain walls in high-rise office
buildings in subtropical regions results in glare and overheating issues
due to the high window-to-wall ratio. Consequently, this design pattern
is deemed unsuitable. However, by incorporating opaque panels and re-
ducing the window-to-wall ratio to approximately 0.4-0.6, and by using
glass with a heat transfer coefficient ranging from 1.7-3.2 W/(m?K),
high-rise office buildings in subtropical regions can achieve comfort-
able illuminance levels and thermal comfort during transitional seasons.
When the window-to-wall ratio is higher, even distribution of opaque
panels within the unit is recommended. Conversely, when the ratio
is lower, the difference between uniform and vertical distribution of
opaque panels is not substantial. Although the passive design perfor-
mance of the three typical envelopes in Table 8 does not differ markedly,
the interior visibility analysis in Appendix C reveals that a 0.6 window-
to-wall ratio with evenly distributed opaque panels is more favorable
optimal for indoor visibility.

4.4.2. Single-layer curtain wall with shading
This section focuses on designing of single-layer curtain walls with
shading by adjusting the two key factors with the greatest impact on



JID: ENBENV

L. Yu, C. Lin, W. Gu et al.

Table 7

[m5GeSdc;January 27, 2026;15:53]

Energy and Built Environment xxx (Xxxx) XXX

Schematic diagram and design parameters of typical single-layer curtain walls.
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facade form, the window-to-wall ratio, and the external shading coeffi-
cient. The optimal range for window-to-wall ratio was found to be from
0.4 to 0.5, and two cases with ratios of 0.4 and 0.6 were designed. The
optimal range of the external shading coefficient is 0.4 to 0.6, and this
article designs two cases with coefficients of 0.4 and 0.6. Values for
other elements were determined by referencing optimal configuration
from the orthogonal test and actual materials. These values include a
window openable area ratio of 20 %, the wall heat transfer coefficient at
0.83 W/(m?eK), the wall solar radiation absorption coefficient at 0.25,
the glass heat transfer coefficient at 1.9 W/(m?eK), the glass solar heat
gain coefficient at 0.28, and the glass VLT at 0.48.

This analysis includes two samples each for horizontal shading, verti-
cal shading, baffle shading, comprehensive shading configurations. The
resulting eight typical configurations are designed with "c", where c1
and c2 represent horizontal shading, ¢3 and c4 represent vertical shad-
ing, c5 and c6 represent different forms of baffle shading, and c7 and
c8 represent comprehensive shading, which are further summarized in
Table 9.

Table 10 presents the passive design strategies for single-layer cur-
tain walls with shading, selected based on efficacy. Among the options
assessed, c2 exhibited the best passive design performance, followed by
c4 and c8. Configuration c6 was eliminated due to poor visual quality in
both indoor and outdoor contexts. For superior passive design, configu-
ration c2, c4, or c8 options are recommended. The visual assessment in
Appendix B indicates that configurations using shading with single-layer
curtain walls do not exhibit obvious disadvantages in facade aesthetics.
Baffle shading results in more diverse facade effects compared to the
uniform appearance of horizontal, vertical, or comprehensive shading.
However, visibility analysis in Appendix C reveals that configuration c6,
which combines baffle shading with a low window-to-wall ratio, demon-
strates the poorest interior visibility with only 21.3 % average view-
able area. This configuration was therefore eliminated despite achieving
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good environmental performance, demonstrating the importance of bal-
ancing quantitative performance metrics with occupant visual comfort
requirements.

The results indicate that architects using single-layer curtain walls
with shadings should considered a design approach that integrates
smaller windows (window-to-wall ratio of approx. 0.4) and appropri-
ate shading devices (external shading coefficient of approx. 0.6). Hor-
izontal shading is preferable as it has relatively minimal impact on
views, with configurations c1 and c2 achieving average visibility ratios
of 43.9 % and 35.9 % shown in Appendix C respectively, compared to
only 21.3 % for the baffle shading configuration c6 When architects use
vertical shading, it should be positioned on opaque curtain wall sections
to minimize obstruction of indoor views. If designers wish to incorpo-
rate shading panels to enhance the facade design, care should be taken
not to reduce both the window-to-wall ratio and external shading coeffi-
cient simultaneously. Moreover, exterior walls should use light-colored
coatings, metal panels, or stone finishes, etc., with a solar radiation ab-
sorption coefficient of around 0.12-0.43.

4.4.3. Double-layer curtain wall

The double-layer curtain wall structure comprises various key ele-
ments, including the window opening area ratio, external shading coef-
ficient, ventilation opening height, and window-to-wall ratio. This sec-
tion focuses on the window-to-wall ratio and external shading coeffi-
cient, the two factors that most significantly affect facade appearance.
The optimal range for the window-to-wall ratio is between 0.5 and 0.6,
and the article presents two cases for each ratio. Similarly, the optimal
range for the external shading coefficient is from 0.5 to 0.7, and two
cases were designed for coefficient of 0.5 and 0.7. The optimal values
for other elements, such as ventilation opening height, were determined
based on an orthogonal test and actual materials. For instance, the op-
timal ventilation opening height is 500 mm, and the openable window
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Passive design strategies for the envelope of subtropical high-rise office buildings (single-layer curtain walls).
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area ratio is 25 %. Other parameters include the wall heat transfer co-
efficient, wall solar radiation absorption coefficient, glass heat transfer
coefficient, glass solar heat gain coefficient, glass VLT, and cavity depth.
Table 11 lists the four samples for each the horizontal and vertical ven-
tilation loop double-layer curtain walls, respectively, for each combi-
nation of window-to-wall ratio and external shading coefficient, result-
ing in eight distinctive envelopes numbered d1 to d8. Configurations
d1 through d4 represent horizontal ventilation arrangements, while d5
through d8 represent vertical ventilation arrangements.

Although the double-layer curtain walls are not frequently used in
Guangzhou and Shenzhen due to higher construction costs, they show
better performance than single-layer curtain walls without shading.
Table 12 displays the outcome of the assessment of passive design for
double-layer curtain wall facades. The findings indicate that d1 out-
performs d4, d8, and d6 in overall efficacy. Configuration d6, which
has deficient visual quality, was excluded. The fagade visual analysis in
Appendix B indicates that double-layer curtain wall designs with verti-
cal ventilation openings create a more striking appearance. However,
visibility analysis in Appendix C reveals that configuration d6, with
its vertically arranged ventilation openings combined with high exter-
nal shading coefficients and lower window-to-wall ratio, demonstrates
poor interior visibility with 31.9 % average viewable area, warranting
its elimination from the final design recommendations. The passive de-
sign strategy for the double-layer curtain wall is founded on d1, d4, and
ds.

The preceding discussion focuses on the external circulation type of
double-layer curtain wall. For high-rise office buildings in subtropical
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regions, architects should ensure that outer ventilation openings are ap-
proximates 500 mm wide. Additionally, the design of outer ventilation
openings should be carefully considered, as openings that are too small
or too large do not maximize comfortable hours. Window area should
be carefully adjusted to cover approximately half of the facade, with a
suggested window-to-wall ratio of around 0.5. Furthermore, appropriate
shading devices should be installed between the two layers of curtain
walls, with an external shading coefficient of roughly 0.7.

The effect of vertical versus horizontal ventilation opening orienta-
tion on comfortable hours is minimal when openings are sufficiently
large. However, vertical orientation of ventilation openings is more
conducive to creating a tower-like facade appearance. Note that when
the ventilation openings are arranged vertically, external shading ele-
ments are typically arranged similarly, thus obstructing more interior
views than horizontal arrangements. While vertical arrangements of
ventilation openings produce more visually striking facades as shown
in Appendix B, designers should recognize that such configurations ob-
struct more of the interior view than horizontal arrangements as indi-
cated in Appendix C, with vertically arranged systems achieving 34.5-
55.3 % average visibility compared to 39.3-51.8 % for horizontally ar-
ranged systems.

4.4.4. Continuous shading and enclosure structure

This section focuses on designing continuous shading and enclosure
structures by adjusting the window-wall ratio and external shading co-
efficient, which are the two most significant factors affecting the build-
ing’s envelope appearance. The optimal window-to-wall ratio range is
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Typical envelope diagram and design parameters of single-layer curtain wall with shading.
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0.4 to 0.5, and two cases with ratios of 0.4 and 0.5 were designed.
The optimal range for the external shading coefficient is 0.3 to 0.5,
and two cases with coefficients of 0.3 and 0.5 are designed. Other pa-
rameters were selected based on the optimal configuration from the
orthogonal test and actual materials, with the window opening area
ratio at 30 %, wall heat transfer coefficient at 1.47 W/(m?2eK), wall
solar radiation absorption coefficient at 0.52, glass heat transfer coeffi-
cient at 4.7 W/(m?K), glass solar heat gain coefficient at 0.43, and VLT
of 0.4.

Based on the surveyed case studies, shading in continuous shading
and enclosure structure is typically large-scale and continuous, includ-
ing horizontal shading, vertical shading, and baffle shading. Horizontal
and vertical shading are typically arranged uniformly, while baffle shad-
ing has a more varied shape. The analysis included two samples each for
horizontal shading, vertical shading, and four samples for baffle shading
configurations, yielding eight typical configurations shown in Table 13.

Compared to the previously discussed envelop types, continuous
shading and enclosure structure are rarely used in Guangzhou and Shen-
zhen. One likely reason is the construction cost. Moreover, this type
exhibits poorer environmental performance than other envelope types.
Nevertheless, design strategies are provided for cases where this type is
preferred.

Table 14 outlines the passive design strategies for continuous shad-
ing and enclosure structure, focusing on configurations with the best
passive design performance. Through comparison of various combina-
tions, b2 was found to be the most effective, followed by b4, b5, and
b8. Configurations with inadequate visual quality, such as b4, were ex-
cluded to ensure selection of optimal configurations. Visual assessment
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of the eight configurations in Appendix B provides valuable insights into
different shading approaches. Shading fins (configurations b5-b8) result
in more visually appealing facades that enhance architectural aesthetics.
Horizontal shading in bl and b2 achieves a more uniform and organized
appearance with visual cohesion. However, vertical shading in b3 and
b4 produces a fragmented fagade effect, with excessive divisions disrupt-
ing visual harmony. Configuration b4, which combines vertical shading
with a low window-to-wall ratio, demonstrates particularly poor inte-
rior visibility with only 26.7 % average viewable area as indicated in
Appendix C, significantly below the 30 % minimum threshold estab-
lished for maintaining adequate visual connection to exterior environ-
ments. This configuration was therefore eliminated despite moderate
environmental performance.

The term "enclosure structure" in this study denotes a non-curtain
wall construction form, typically consisting of windowsills constructed
on the building’s load-bearing structure, providing continuous shading.
Buildings using this type have a lower window-to-wall ratio. When ar-
chitects choose to use these design configurations for continuous shad-
ing and enclosure, the objective should be to maintain a low window-
to-wall ratio and avoid installing additional extensive shading. The ex-
ternal shading coefficient should be maintained approximately at 0.5.
The advocated design pattern for this type comprises smaller windows
(with a window-to-wall ratio of around 0.4) and an appropriate amount
of shading board (with an external shading coefficient of roughly 0.5).
This is preferred over the design pattern using larger windows (window-
to-wall ratio of approx. 0.5) with extensive shading (external shading
coefficient of about 0.3). To preserve optimal indoor visibility, horizon-
tal shading is recommended, with configurations bl and b2 achieving
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Passive design strategy of subtropical high-rise office curtain wall (single-layer curtain wall with shading).
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average visibility ratios of 48.2 % and 45.8 % respectively as shown in
Appendix C, compared to only 26.7-29.2 % for vertical shading config-
urations b3 and b4. Vertical shading may create greater obstruction of
lateral views, and baffle shading may also impede forward and lateral
visibility.

5. Discussions
5.1. Performance trade-offs

The optimization analysis revealed fundamental trade-offs between
thermal comfort and daylighting performance that require careful con-
sideration in subtropical envelope design. Window-to-wall ratio opti-
mization exemplified these competing requirements across all envelope
types. Increasing WWR from 0.4 to 0.7 improved UDI percentages by
15-25 % but simultaneously reduced comfortable hours by 8-12 % due
to excessive solar heat gain. This trade-off reflects the physical reality
that larger glazed areas admit more daylight while also increasing ther-
mal loads in the solar-dominated subtropical climate.

The physics underlying this trade-off centers on the dual nature of
solar radiation as both a lighting resource and thermal burden. Higher
WWR values increase useful daylight illuminance by expanding the
aperture for natural light penetration, which is particularly beneficial
for spaces requiring consistent illumination. However, the same glazed
surfaces that admit visible light also transmit near-infrared radiation,
elevating indoor temperatures beyond comfort thresholds. The optimal
WWR range of 0.4-0.6 for most envelope types represents the equilib-
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rium point where thermal penalties begin to outweigh daylighting ben-
efits.

External shading coefficient optimization revealed similar trade-offs
with more complex relationships. Reducing shading coefficients from
0.7 to 0.3 increased comfortable hours by 12-18 % across shaded sys-
tems but created a curvilinear impact on UDI performance. Moderate
shading coefficients (0.4-0.6) achieved peak daylighting effectiveness
by filtering excessive luminance while maintaining adequate light lev-
els. Extreme shading (coefficients below 0.3) overcorrected thermal con-
ditions, reducing both glare and useful daylight below functional thresh-
olds.

The window openable area ratio presented orientation-dependent
trade-offs reflecting varying thermal load patterns. East-facing facades
could accommodate higher openable ratios (20-40 %) due to morn-
ing cooling potential, while west-facing orientations required conser-
vative ratios (10-25 %) to prevent overventilation during peak after-
noon heat. This trade-off illustrates the temporal dynamics of sub-
tropical thermal conditions, where natural ventilation benefits dur-
ing mild periods can become counterproductive during peak thermal
loads.

5.2. Implications for subtropical design

The parameter sensitivity analysis revealed climate-specific design
priorities that distinguish subtropical envelope optimization from tem-
perate climate approaches. Glass U-value emerged as the dominant pa-
rameter for single-layer curtain walls (F-ratio = 1.84) because these sys-
tems lack intermediate thermal control mechanisms. In subtropical cli-
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Typical diagram and thermal parameters of double-layer curtain wall.
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mates with high ambient temperatures and intense solar radiation, glaz-
ing thermal properties directly determine heat gain rates. The absence
of shading or cavity moderation amplifies the impact of glass thermal
conductivity, making low emissivity glazing with enhanced thermal re-
sistance critical for performance.

Conversely, glass U-value showed reduced significance in shaded
and double-layer systems where intermediate thermal control mech-
anisms attenuate direct glazing impacts. Shaded systems prioritize
external shading coefficient optimization (F-ratio up to 78.78) be-
cause solar control becomes the primary thermal management strat-
egy. The physics of shaded systems shift the thermal bottleneck
from glazing conduction to radiative heat interception, explain-
ing why shading geometry optimization outweighs glazing thermal
properties.

Window openable area ratio consistently achieved high significance
across shaded systems (F-ratios 5.23-9.70) due to the subtropical cli-
mate’s extended cooling season potential. Unlike temperate climates
where heating demands limit natural ventilation utility, subtropical con-
ditions favor passive cooling strategies during transitional seasons. The
correlation between ventilation capacity and thermal performance re-
flects the extended periods when outdoor temperatures fall within or
below comfort ranges, enabling natural cooling to supplement or re-
place mechanical systems.

Double-layer systems demonstrated unique parameter hierarchies re-
flecting cavity thermal dynamics. Ventilation opening height achieved
moderate significance (F-ratio = 1.37) specifically for this envelope type
because cavity airflow patterns directly influence thermal performance.
The 500 mm optimal height corresponds to the balance point where
buoyancy-driven airflow achieves maximum effectiveness without ex-
cessive pressure losses. This parameter remains irrelevant for other en-
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velope types, highlighting the system-specific nature of optimization
priorities.

5.3. Comparison with existing literature

The derived optimal ranges align with existing research while ex-
tending guidance to subtropical-specific applications. The WWR range
of 0.4-0.6 for single-layer systems is higher than the 0.3-0.45 range
recommended by Goia [38] but aligns with his finding of a more flexi-
ble WWR range for south-facing facades. Previous studies in moderate
climates suggested WWR values up to 0.8 for daylighting optimization
[48], but subtropical thermal constraints necessitate reduced glazing ra-
tios to maintain thermal comfort.

Glass U-value recommendations of 1.7-3.2 W/(m?K) for single-layer
systems are in accordance with the thermal performance requirements
specified in Chinese building energy codes (GB50189-2015), which
mandate maximum values of 2.8-3.2 W/(m?K) for hot summer regions.
The research findings support more stringent thermal requirements for
subtropical applications, although Bui et al. emphasized that SHGC is
more important than U-value for cooling load reduction in hot climate
zones [39].

A gap exists in the existing literature regarding external shading
coefficient range recommendation. Our recommended range (0.4-0.6
for most systems) reflects subtropical applications’ greater sensitivity to
over-shading due to year-round cooling demands. This research extends
previous findings by quantifying orientation-specific optimization, re-
vealing that north-facing facades can accommodate higher shading co-
efficients (0.5-0.7) compared to thermally demanding west orientations
(0.4-0.5).
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Passive design strategy for subtropical high-rise office curtain walls (double-layer facade).
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Ventilation opening optimization for double-layer systems lacks di-
rect comparison in subtropical literature, as most previous research
focused on temperate applications where cavity overheating concerns
dominate design decisions. The 400-600 mm optimal range reflects op-
timization criteria that emphasize natural cooling potential rather than
winter heat retention.

5.4. Methodological considerations

The visual assessment screening revealed critical limitations of
purely performance-based optimization approaches. Case c6, which
achieved superior numerical performance with 2006 comfortable hours
and 75.5 % UDI, was eliminated due to poor interior visibility (aver-
age 21.3 % viewable area). This elimination demonstrates that optimal
numerical performance may compromise essential qualitative aspects
of building functionality, particularly occupant visual connection to the
exterior environment.

The c6 configuration combined low WWR (0.4) with high external
shading coefficient (0.6) and baffle-type shading elements, creating ef-
fective solar control that maximized thermal and daylighting metrics.
However, the dense shading pattern severely obstructed sight lines from
interior viewpoints, reducing the facade’s capacity to provide psycholog-
ical benefits associated with exterior views. The 21.3 % visibility ratio
fell well below acceptable thresholds for office environments where vi-
sual connection supports occupant well-being and productivity.

Similar conflicts emerged in double-layer systems, where case d6
achieved moderate thermal performance (1885 comfortable hours) but
demonstrated poor visibility (31.9 % average) due to vertically arranged
ventilation openings combined with high external shading coefficients.
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The vertical ventilation pattern created regular visual obstructions that
fragmented the exterior view, while dense shading further reduced vi-
sual permeability. This case illustrates how system-specific optimiza-
tion can inadvertently compromise visual quality when pursued inde-
pendently of perceptual considerations.

The integration of visual metrics into the optimization framework
eliminated approximately 15 % of numerically optimal configurations,
demonstrating the necessity of multi-criteria evaluation approaches. The
remaining configurations achieved balanced performance across ther-
mal, daylighting, and visual criteria, though often with modest reduc-
tions in peak numerical performance. This trade-off reflects the inher-
ent tension between maximizing individual performance metrics and
achieving holistic building quality that serves occupant needs com-
prehensively. The visual screening methodology validated the impor-
tance of human-centered design approaches that extend beyond quan-
titative optimization. The 30 % minimum visibility threshold estab-
lished through the assessment process provides practical guidance for
maintaining adequate visual connection while pursuing envelope per-
formance objectives. This threshold reflects empirical evidence from
environmental psychology research suggesting that visual access to ex-
terior environments supports cognitive performance and psychological
well-being in office settings.

The integration of aesthetic evaluation through constraint-based
screening rather than weighted optimization warrants further discus-
sion. While thermal comfort and daylighting quality can be quanti-
fied through established metrics like comfortable hours and UDI per-
centage, facade aesthetics resist similar quantification due to their
inherently subjective and context-dependent nature [49]. Our two-
stage approach treats aesthetic quality results obtained from the ques-
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Schematic diagram and design parameters of typical continuous shading and enclosure structure.
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tionnaire as a satisficing constraint rather than an optimizing objec-
tive. Configurations must exceed minimum thresholds for facade co-
herence and interior visibility (30 % average viewable area) to re-
main under consideration, but aesthetic quality beyond these thresh-
olds does not further influence design rankings. This methodology
aligns with professional practice, where architects typically establish
aesthetic requirements as non-negotiable constraints before optimizing
measurable performance criteria within the acceptable design space.
Future research could explore more systematic aesthetic quantifica-
tion methods, such as computational shape grammar analysis or ma-
chine learning approaches trained on architect preferences, to enable
fuller integration of aesthetic objectives into multi-criteria optimization
frameworks.

5.5. Limitations and future works

One major limitation of this study is that the optimization approach
evaluates design parameters independently through controlled vari-
able analysis rather than using true multi-objective optimization algo-
rithms that simultaneously optimize all parameters. While this method-
ology effectively identifies optimal ranges for individual design ele-
ments and reveals their relative importance through variance analy-
sis, it may not capture the global optimum that could be achieved
through coordinated optimization of all parameters simultaneously. The
orthogonal test design provides insights into parameter sensitivity and
establishes design guidelines, but the recommended ranges represent
near-optimal solutions rather than guaranteed global optima. The ac-
tual optimal design may involve complex parameter interactions that
are not fully captured by the sequential optimization process employed
in this study. Future research employing genetic algorithms or other
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multi-objective optimization techniques could potentially identify su-
perior design configurations by exploring the full parameter space si-
multaneously and accounting for non-linear interactions between design
variables.

Several limitations should be acknowledged when generalizing these
findings to other subtropical regions. First, the study is based on the
specific climatic conditions of Shenzhen, China (latitude 22.5°N), and
the performance rankings and optimal parameter ranges may vary in
other subtropical locations with different solar angles, humidity levels,
or seasonal temperature patterns. The transitional season focus (145
days when natural ventilation is viable) reflects Shenzhen’s climate
characteristics; regions with shorter or longer transition periods may
yield different optimization outcomes. Second, the building geometry
(20 m x 10 m x 3 m) represents typical Chinese office configurations
but may not reflect office layouts in other regions where different as-
pect ratios, floor-to-ceiling heights, or space planning conventions pre-
vail. Third, the comfort criteria (19.4 °C-26 °C for thermal comfort)
are based on Chinese research on subtropical public buildings; differ-
ent cultural expectations or adaptive comfort standards in other regions
could shift optimal design ranges. Fourth, the study evaluates passive
performance only during transitional seasons when HVAC systems are
disabled; year-round energy performance including cooling and heat-
ing loads would provide a more comprehensive assessment but would
require different optimization priorities. Finally, the construction cost
implications and local building code requirements, which vary signifi-
cantly across subtropical regions, are not factored into the optimization
framework. These findings should therefore be interpreted as guidelines
requiring region-specific validation rather than universally applicable
prescriptions. Future research should extend this methodology to other
subtropical climates (Southeast Asia, South America, Australia) to de-
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Table 14
Passive design strategies for the envelope of subtropical high-rise office buildings (continuous shading and enclosure
structures).
Code Side View Area Proportion Front View Area Proportion Average View Area
(%) (%) Proportion (%)

dl = 40.2 46.0 43.1

d2 357 429 393

d3 47.4 56.3 51.8

d4 47.0 53.6 50.3

ds 323 36.7 345

do 29.5 343 31.9

d7 523 58.3 55.3

d8 48.1 543 51.2

velop climate-specific design guidelines and identify which findings are
robust across different subtropical contexts.

6. Conclusions

This investigation has established evidence-based design strategies
for subtropical high-rise office curtain walls through systematic para-
metric analysis of 128 design combinations across four prevalent en-
velope types. Using orthogonal test design and building performance
simulation, the research identified optimal parameter ranges that bal-
ance thermal comfort, daylighting quality, and visual aesthetics for of-
fice buildings in subtropical climates in China. Some of key findings are
summarized as follows:

Performance Hierarchy of Envelope Types:

Single-layer curtain walls with shading: Superior performance (599-
601 comfortable hours, 75.5-94.1 % UDI)

Double-layer curtain walls: Intermediate performance (565-567
comfortable hours, 81.4-95.1 % UDI)

¢ Continuous shading with enclosure: Moderate performance (572-
575 comfortable hours, 77.7-89.4 % UDI)

Single-layer curtain walls: Poor performance (565-591 comfortable
hours, 68.9-77.5 % UDI)

Critical Design Parameters (variance analysis results):

e Window operable area ratio: Most universally significant (F-ratios
3.2-5.8)
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External shading coefficient: Critical for all shaded systems (F-ratios
1.3-4.1)

Window-to-wall ratio: Universal significance across envelope types
(F-ratios 1.5-2.6)

Glass heat transfer coefficient: Critical only for single-layer curtain
walls (F-ratios 2.8-4.2)

Optimal Design Guidelines:
Single-layer Curtain Walls:

Glass U-value: 1.7-3.2 W/(m?K)
Window-to-wall ratio: 0.4-0.6

Single-layer Curtain Walls with Shading:

Window-to-wall ratio: 0.4-0.5
External shading coefficient: 0.4-0.6
Solar absorption coefficient: 0.12-0.43

Double-layer Curtain Walls:

Window-to-wall ratio: 0.5-0.6
External shading coefficient: 0.5-0.7
Ventilation opening height: 400-600 mm

Continuous Shading Systems:

Window-to-wall ratio: 0.4-0.5
External shading coefficient: 0.3-0.5
Window operable area ratio: 20-35 %
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Orientation-specific strategies:

East orientations: Enhanced sensitivity to operable area ratios
(+15 % average F-ratio), favor higher ventilation capacity

West orientations: Increased sensitivity to solar control (+20 % av-
erage F-ratio), require aggressive shading strategies

South orientations: Balanced parameter sensitivity, need coordi-
nated optimization

North orientations: Reduced sensitivity, greater design flexibility.

This study provides a comprehensive comparative analysis of cur-
tain wall types specifically for subtropical high-rise office buildings. The
evidence-based guidelines enable architects to make informed design
decisions for subtropical climates, replacing conventional approaches
with systematic performance optimization. The research bridges the gap
between theoretical optimization and practical implementation by de-
livering quantitative design guidelines with specific parameter ranges
for immediate architectural application, statistical validation of param-
eter importance through variance analysis, climate-responsive strategies
addressing orientation-specific performance requirements, and multi-
criteria evaluation framework balancing thermal, lighting, and visual
performance.

The investigation focused on China’s subtropical climate and transi-
tional season performance using equal weighting between thermal and
daylighting criteria. Future research should extend the methodology
to additional subtropical regions, incorporate year-round performance
evaluation, and explore dynamic envelope technologies. The systematic
optimization framework developed in this study provides a foundation
for comprehensive, climate-specific curtain wall design guidelines ap-
plicable globally. These findings in this study can help advance sustain-
able building design practice in rapidly developing subtropical regions
while establishing methodological foundations for evidence-based en-
velope optimization in diverse climatic contexts.
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Appendix A. Best ranges for key envelope parameters
Single-layer curtain wall

The design of single-layer curtain walls relies on three key elements:
glass heat transfer coefficient, window-to-wall ratio, and wall heat trans-
fer coefficient. In order to conduct an analysis, this study used the de-
sign element values of groups A30, A28, A17, and A2 as the basis for
the four orientations of east, south, west, and north. While control-
ling other design elements, the glass heat transfer coefficient was se-
quentially changed from 1.7 to 5.8 W/(m?K), the window-to-wall ra-
tio from 0.3 to 0.7, and the wall heat transfer coefficient from 0.36 to
1.03 W/(m2K) for simulation. The simulation results were then used
as dependent variables for scatter plots, while the design elements of
single-layer curtain walls were used as independent variables. The re-
sults are shown in the following figure.
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The heat transfer coefficient of the glazing of single-layer curtain
walls is negatively correlated with the comfortable hour count, mean-
ing that a lower coefficient is beneficial for increasing the comfortable
hours. Lowering the window-to-wall ratio can also increase comfort, but
if the ratio is too high or too low, the effective illuminance percentage
will be low. The wall heat transfer coefficient has a relatively small im-
pact on the comfortable hour count. Although the analysis of variance
showed that the F ratio of the wall heat transfer coefficient on the com-
fortable hour count is greater than 1, this was based on uniform values
for all factors in the orthogonal test. The optimal groups for each orien-
tation were considered in the correlation. In this case, changing the wall
heat transfer coefficient has a limited effect on improving the comfort-
able hour count because the optimal group has relatively large window
opening areas, which are more critical for convective heat transfer and
cooling under natural ventilation. Therefore, in the optimization design
based on the optimal group of the orthogonal test, the wall heat transfer
coefficient is directly taken from the value of the optimal group of the
single-layer curtain wall orthogonal test without further adjustment. For
single-layer curtain walls, the glass heat transfer coefficient should be
lowered to 1.7-3.2 W/(m?K), while keeping the window-to-wall ratio
between 0.4 and 0.6 to achieve a relatively high level of comfortable
hour count and effective illuminance percentage.

Shading and single-layer curtain

The single-layer curtain wall with shading design elements that are
crucial for building design include the window opening area ratio, so-
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lar radiation absorption coefficient, external shading coefficient, and
window-to-wall ratio. In order to conduct a simulation, four orienta-
tions (south, east, west, and north) were used as the basis, with the
simulation holding the other variables constant. The window opening
area ratio was adjusted from 10 % to 40 %, the solar radiation absorp-
tion coefficient varied from 0.12 to 0.73, the external shading coeffi-
cient was modified from 0.1 to 0.9, and the window-to-wall ratio was
changed from 0.3 to 0.7. The external shading coefficient had a basic
linear negative correlation with comfortable hours, but a curved corre-
lation with effective illuminance percentage. Furthermore, as the exter-
nal shading coefficient increased, the effective illuminance percentage
initially increased before eventually decreasing. Based on these results,
it is recommended that the window-to-wall ratio should be around 0.5
for maximum benefits in terms of comfortable hours and effective illu-
minance percentage. Additionally, the window opening area ratio can
be increased for south and west facing windows but should not be too
large for those facing north and east. Finally, an external shading coef-
ficient between 0.3 and 0.5 is desirable for achieving high comfortable
hours and effective illuminance percentage in continuous shading and
enclosure structures. The following figure shows the scatter plot depict-
ing the relationship between the independent design elements and the
dependent variables for this envelope type.
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For the south, west, and north sides, the window opening area
ratio was found to be linearly negatively correlated with the com-
fortable hour ratio, whereas on the east side, it was positively cor-
related. The solar radiation absorption coefficient was also nega-
tively correlated with the comfortable hour ratio, although the cor-
relation was weaker for the north and east sides. Increasing the so-
lar radiation absorption coefficient on the south and west sides im-
proved the comfortable hour ratio. The window-to-wall ratio was
generally negatively correlated with the comfortable hour ratio but
positively correlated with the effective illuminance percentage, ne-
cessitating a trade-off. Meanwhile, the external shading coefficient
was found to be negatively linearly correlated with the comfortable
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hour ratio and curvilinearly correlated with the effective illuminance
percentage.

For buildings with single-layer curtain wall with shadings, the win-
dow opening area ratio for south, west, and north-facing windows
should be low (between 10 % and 25 %), while the window opening area
ratio for east-facing windows can be higher. A solar radiation absorp-
tion coefficient of 0.1 to 0.4 is beneficial in enhancing the comfortable
hour ratio. A window-to-wall ratio between 0.4 and 0.6 results in high
comfortable hour ratios and effective illuminance percentages. A rela-
tively high comfortable hour ratio and effective illuminance percentage

can be achieved with an external shading coefficient between 0.4 and
0.6.
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Double-layer curtain wall

The design of double-layer curtain walls relies on four key elements:
the window opening area ratio, external shading coefficient, ventilation
opening height, and window-to-wall ratio. To investigate the influence
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of these elements, simulations were conducted by altering their values
while keeping the other variables constant. The four groups of elements
were labeled D2, D29, D60, and D33, corresponding to the southeast,
northwest, east, and west directions, respectively. The results were plot-
ted in the scatter plot as shown below.

Percentage of UDI (%)

I
(b) correlation analysis between external solar shading coefficient of window and evaluation

Percentage of UDT (%)

A Percentage of UDI
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The analysis revealed that the comfortable hours of double-layer
curtain walls were affected by the window opening area ratio, exter-
nal shading coefficient, ventilation opening height, and window-to-wall
ratio. For the window opening area ratio, the east, south, and north-
facing facade of the wall demonstrated an increase in comfort hours as
the ratio increased from 10 % to 30 %. However, the west-facing fa-
cade showed a decrease in comfort hours as the ratio increased. The
external shading coefficient had a negative correlation with comfort
hours, with the south-facing facade being the most responsive. The ef-
fective lighting percentage was also affected by the external shading
coefficient, with optimal comfort and lighting occurring at around a
coefficient of 0.5 to 0.7. The ventilation opening height had a curved
relationship with comfort hours, with the maximum value achieved
at around 500 mm. Finally, the window-to-wall ratio demonstrated a
positive correlation with both comfort hours and effective lighting per-
centage when it was between 0.5 and 0.6 for all facing facades of the
wall.
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Continuous shading and enclosure structure

The design of continuous shading and enclosure structures relies on
three key elements: the window opening area ratio, the window-to-wall
ratio, and the external shading coefficient. To investigate the impact of
these elements on the structure’s performance, simulations were con-
ducted for four orientations (B20, B29, B14, B16) with varying values
for the three elements, while keeping the other factors constant. The
results were analyzed using scatterplots, as depicted in the figure be-
low. Within the range of values tested in this study, it was found that
the window opening area ratio had a negative correlation with comfort-
able hours, but the highest number of comfortable hours were achieved
when the ratio was set at approximately 30 % for the south and north
orientations. The window-to-wall ratio had a negative correlation with
comfortable hours on the east and south sides, but a linear positive cor-
relation on the west and north sides. However, the window-to-wall ratio
was positively correlated with effective illuminance percentage for all
orientations.
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The external shading coefficient had a basic linear negative correla-
tion with comfortable hours, but a curved correlation with effective il-
luminance percentage. Furthermore, as the external shading coefficient
increased, the effective illuminance percentage initially increased be-
fore eventually decreasing. Based on these results, it is recommended
that the window-to-wall ratio should be around 0.5 for maximum bene-
fits in terms of comfortable hours and effective illuminance percentage.
Additionally, the window opening area ratio can be increased for south
and west facing windows but should not be too large for those facing
north and east. Finally, an external shading coefficient between 0.3 and
0.5 is desirable for achieving high comfortable hours and effective illu-
minance percentage in continuous shading and enclosure structures.

Appendix B. Facade Visual Analysis

The facade diagrams of an 11-story office building have been gen-
erated based on the earlier described facade design. The four types of
building facades have been analyzed in terms of their visual effects.
Single-layer curtain wall

It can be observed that among the eight buildings that have single-

layer curtain walls as depicted in the following figure, none of them
exhibit an evidently poor rendering in building form.
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Continuous shading and enclosure structures

The analysis of the eight buildings that employ continuous shading
and enclosure structures offers valuable insights into the visual effects of
different shading approaches on the facades as shown in the following
figure. The findings are summarized as follows:

Shading Fins (b5 to b8): These elements result in a visually strik-
ing facade, enhancing the architectural aesthetics and potentially
contributing to a unique visual identity.

Horizontal Shading (b1 and b2): Buildings with horizontal shading
achieve a more uniform and organized appearance. The horizon-
tal lines of shading complement the linear aspects of the facade
and contribute to visual cohesion.

Vertical Shading (b3 and b4): The use of vertical shading can pro-
duce a fragmented effect on the facade. The excessive division
lines may disrupt visual harmony, leading to a more segmented
appearance.

In the context of high-rise office buildings, the horizontal distribution
of elements such as beams, windowsills, and windows play a significant
role in the inner enclosure structure. Vertical shading, particularly in
the cases of b3 and b4, may conflict with this horizontal alignment,
potentially resulting in a weakened overall impression. It is crucial to
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recognize that the integration of shading must align with the overall

architectural intent and spatial considerations. The proper selection and

design of shading elements should consider building orientation, facade

geometry, climate response, and aesthetic integration.

(c) Fagade of b3

(d) Fagade of b4
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(e) Fagade of b5 (f) Fagade of b6 (g) Fagade of b7 (h) Fagade of b8

Shading and single-layer curtain wall

In buildings that utilize shading and a single-layer curtain wall as
shown in the following figure, there is no apparent disadvantage in
terms of facade modeling. The use of shading with baffles results in a
more diverse facade effect when compared to the homogeneous facade
effect achieved through the use of horizontal shading, vertical shading,
and comprehensive shading. However, it should be noted that there is
a greater number of shading and single-layer curtain walls that imple-
ment horizontal shading, vertical shading, and comprehensive shading,
while the use of shading with baffles is relatively less common based on
research findings.
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(f) Fagade of c6 (g) Fagade of ¢7 (h) Fagade of c8
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Double-layer curtain wall

The double-layer curtain wall shown in the following figure did not
include any groups with an evidently inadequate facade design. In gen-
eral, facade designs that feature vertically distributed ventilation open-
ings create a more prominent appearance than those with horizontal
distribution. Designs with a greater amount of non-translucent material
on the outer curtain wall appear more varied, while those utilizing a
glass curtain wall are comparatively simpler in their facade design.

Fagade of d6 (g) Fagade of d7

(d) Fagade of d4

(h) Fagade of d8
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Appendix C. Visibility Analysis

The quality of the interior view of the building’s skin also affects
whether architects adopt such skin design. When analyzing the interior
view, the main method is to compare the ratio of the area of the outdoor
scenery that can be seen in the front and side views of each skin to the
area of the facade. The larger the ratio, the more expansive the view.

Internal view analysis of single-layer curtain wall systems

Building envelope

Case study
types

!

Single-layer curtain
wall

. . Various materials curtain
Unitized curtain wall .
wal

I ||||
i

Il |

i

Continuous horizontal Continuous vertical

Continuous shading and
enclosure structures

Continuous baffle shadin . . . .
. £ shading with enclosure  shading with enclosure
with enclosure structure
structure structure

Single-layer curtain
wall with shading

Horizontal shading with ~ Vertical shading and . . .
. . Shading with curtain wall
curtain wall curtain wall

Double-layer curtain
wall

=y - ,
Wide-span double-layer  Narrow cavity double- Double-layer curtain wall

curtain wall layer curtain wall with wide cavity
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Internal view analysis of continuous shading and enclosed structure

systems
Openable
Category Typical case Number Building envelope  Sectional diagram WWR area ratio
(%)
al 0.6 20
Uniformly, E
divided a2 0.6 30
single-
layer a3 04 20
curtain
a4 0.4 30
a5 0.6 20
Vertically
divided a6 0.6 30
single-
layer a7 - ‘R 0.4 20
curtain ! ]

. AT
==
wall a8 i i i i ‘ I.- 0.4 30

Internal view analysis of shading and single-layer curtain wall
systems
Key
element Uwin: 1.7-3.2 W/(m?-K); WWR: 0.4-0.5.

o EEEEE EEEEE H FEEES

constructio
n Each 4m x 4m unit A setback of 0.3m for Within an average width
recessed by 0.6m to form opaque curtain walls of 2.5m, set up 0.9m
an opaque curtain wall. within a 4m x 4m unit. opaque curtain walls.

Glass: 6 mm low-emissivity (Low-E) glass + 12 mm air gap + 6 mm clear glass +
25% multi- cav1ty plastic window frame.

Facade
design

Internal
visibility

Average visibility: 42.1%  Average visibility: 57.8%  Average visibility: 44.8%

Comfortabl 565h 558 h 567h
e hours

Effective
illuminance
percentage 0

78.0% 78.7% 77.2%

Uselul Daylight lluminance (%) | 100 Uselul Daylight Hluminance (%) | 100 Uselul Daylight Hluminance (%)
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Internal view analysis of double-layer curtain wall systems
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. External
oo Sectional .
Category Number Building envelope . WWR  shading
diagram .
coefficient
Horizontal cl T i 0.5 0.6
single-layer =
curtain wall =
ith shadin —r T
W & c2 iRl 0.4 0.6
R
Vertical single- c3 0.5 0.6
layer curtain
wall with
* hEEEEH BB OO
e D { ¥
[ i il
Single-layer 0.5 0.4
curtain wall
with shading
0.4 0.4
Comprehensive 0.5 0.4
single-layer
curtain wall
with shading 0.4 0.4

It can be seen that groups al to a4 have uniformly segmented single-
layer curtain walls, and groups a5 to a8 have vertically divided single-
layer curtain walls. None of these skins have evidently poor internal
views. Relatively speaking, the interior view of the uniformly segmented
single-layer curtain wall is more expansive than the vertically divided
single-layer curtain wall.

Groups bl and b2 use continuous horizontal shading, groups b3 and
b4 use continuous vertical shading, and groups b5 to b8 use various
types of baffle shading. Group b4, which uses vertical shading and has a
relatively low window-wall ratio, has a relatively poorer internal view.
When using vertical shading, the view is more severely obstructed when
looking from one side of the room towards a distant perspective point
(such as b3 and b4). Using baffle shading, where the main area of the
baffle is located at the top, is more conducive to reducing the obstruction
of the line of sight. Additionally, the window area should not be less than
0.5 when using vertical shading or baffle shading.

Groups cl and c2 adopt horizontal shading, groups ¢3 and c4 adopt
vertical shading, groups c5 and c6 adopt baffle shading, and groups c7
and c8 adopt comprehensive shading. The relatively lower window-to-
wall ratio, vertically divided by different material curtain walls such
as c2, c4, c6, and c8, obstructs the internal view. Among these, group
c6, with its baffle shading and low window-wall ratio, has the worst
internal view. One of the purposes of using glass curtain walls is to
create better indoor view effects. From this perspective, the window-

31

to-wall ratio and external shading coefficient should not be reduced
simultaneously.

For groups d1 to d4, two ventilation openings are arranged horizon-
tally, distributed at the upper and lower parts of each curtain wall unit;
for groups d5 to d8, two ventilation openings are arranged vertically,
distributed at the left and right parts of each curtain wall unit. Among
these different skins, group d6, with its vertically arranged ventilation
openings, higher external shading coefficient, and lower window-wall
ratio, has the worst internal view.
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