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Editorial

Buildings’ Thermal Performance and Energy Efficiency for
Sustainable Construction

Jingyuan Zhao 1, Xuan Ma 1,* and Qian Zhang 2

1 School of Architecture, Chang’an University, Xi’an 710061, China; zjyqtt@163.com
2 School of Humanities and Social Science, Xi’an Jiaotong University, Xi’an 710049, China;

qian.zhang@xjtu.edu.cn
* Correspondence: mxozil@yahoo.com

1. Context and Rationale

The accelerating challenges of climate change and the global pursuit of sustainable
development have positioned building thermal performance and energy efficiency at the
forefront of academic and practical discourse. As the building sector is responsible for a
significant portion of global energy consumption and carbon emissions, improving thermal
performance is not merely a technical issue but also a societal necessity. Against this
backdrop, this Special Issue of Buildings brings together eight contributions addressing the
intertwined goals of reducing energy demand, mitigating carbon emissions, and ensuring
human comfort and resilience across diverse climates and building types. Collectively,
these studies provide novel insights that range from microclimatic optimization and façade
design strategies to large-scale urban analyses, thereby offering a comprehensive view of
sustainable construction practices.

2. Theme, Advances, and Article Highlights

This Special Issue covers a spectrum of scales—from urban outdoor environments to
building-level designs—showcasing integrated approaches that blend passive strategies,
renewable energy utilization, advanced technologies, and lifecycle thinking.

Zhang et al. Contribution 1 explore how participatory design and cognitive alignment
between users and designers can foster inclusive, age-friendly rural environments. The
paper highlights that enhancing social sustainability can be effectively integrated with low-
carbon development principles, thereby broadening the scope of sustainable construction.

Ma et al. Contribution 2 examine how elevated semi-open spaces enhance airflow
and shading, improving pedestrian-level comfort in cold regions. The study integrates
simulations and measurements, offering design guidance for public spaces in climates
where extreme cold remains a challenge.

Liu et al. Contribution 3 address energy scarcity in cold mountain environments.
Through a combination of passive solar design strategies and spatial optimization meth-
ods, the study demonstrates how settlement planning can reduce energy demands while
enhancing local adaptability to harsh climates.

Khan and Ghiai Contribution 4 synthesize recent advances in façade innovation. The
review highlights how material choice, surface texture, and reflective properties can signifi-
cantly influence both indoor thermal performance and outdoor microclimates, contributing
to holistic environmental comfort.

Zhang et al. Contribution 5 evaluate the mitigation potential of low-carbon technolo-
gies in an urban context. By modeling technology deployment scenarios in Xi’an, the

Buildings 2025, 15, 3410 https://doi.org/10.3390/buildings15183410
1



Buildings 2025, 15, 3410

authors provide quantitative evidence of how innovations in building systems can reduce
carbon emissions and accelerate progress toward regional climate goals.

Song et al. Contribution 6 introduce a morphological indicator to evaluate sunlight–
shade dynamics. Their findings reveal a strong correlation between insolation patterns
and pedestrian comfort, thereby providing urban designers with a practical metric for
optimizing outdoor spaces.

Chen et al. Contribution 7 leverage CFD simulations to analyze wind flow in dense
dormitory complexes. The study highlights how building arrangement and orientation can
improve ventilation performance, which is crucial for both energy efficiency and health in
collective living spaces.

Li et al. Contribution 8 investigate urbanization dynamics at a regional scale. By
quantifying the coordination between land development, energy consumption, and carbon
emissions, this work provides critical evidence for policy frameworks aimed at balancing
economic growth with ecological sustainability.

Together, these eight contributions illustrate how advances at multiple scales—from
material innovations and building design to urban planning and social participation—can
be aligned to foster sustainable and climate-resilient construction practices.

3. Outlook and Gratitude

This Special Issue provides a comprehensive overview of cutting-edge research that in-
tegrates thermal performance improvement with energy efficiency, spanning from microcli-
matic analyses of outdoor spaces to regional carbon-emission dynamics. The contributions
collectively highlight that sustainability in the built environment requires a multi-scalar
approach: technical optimization of buildings, integration of low-carbon technologies,
consideration of user needs, and systemic urban governance.

Looking ahead, future research should emphasize cross-scale integration, particularly
linking building-level thermal optimization with urban-scale carbon accounting and re-
newable energy deployment. Moreover, strengthening the interface between technological
innovation and human-centered design will be essential to achieve climate resilience and
sustainable development.

We extend our sincere gratitude to all authors for their high-quality contributions,
to the reviewers for their thoughtful feedback, and to the editorial team at Buildings for
their professional support. We hope that this Special Issue will serve as a valuable refer-
ence for researchers, practitioners, and policymakers dedicated to advancing sustainable
construction worldwide.

Conflicts of Interest: The authors declare no conflict of interest.
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User–Designer Cognitive Synergy: Enhancing Age-Friendly
Rural Public Space Design

Zhihuan Zhang 1, Ziqi Zhan 2 and Yongchang Li 3,*

1 School of Art and Design, Changzhou University, Changzhou 213100, China; s23101351099@smail.cczu.edu.cn
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Abstract: As rural populations age at an accelerating pace, the role of public spaces in
enhancing the quality of life and promoting social engagement among older adults has
become increasingly important. However, a significant cognitive gap persists between
the actual needs of elderly users and the intentions of designers, often resulting in sub-
optimal design outcomes and underutilized spaces. This study centers on the concept of
user–designer cognitive synergy, aiming to establish a systematic framework to bridge
this cognitive divide and improve the design quality of age-friendly rural public spaces.
Employing Grounded Theory, the FKANO model, and the DEMATEL method, this study
systematically elicited user needs, classified their attributes, and mapped causal relations to
determine priority drivers. Applied in a representative rural case, the framework identified
Environmental and Operations Management and Spatial Accessibility as the most critical
needs, while Smart-Friendliness and Safety Organization were also shown to play signifi-
cant roles. These findings directly informed targeted spatial strategies such as barrier-free
circulation, robust nighttime safety systems, intergenerational hubs, and an operations
backbone. Post-occupancy evaluation confirmed high satisfaction across safety, accessibility,
functionality, social participation, and environmental comfort. The results demonstrate the
framework’s effectiveness in translating complex needs into actionable design strategies,
offering both theoretical insights and practical guidance for age-friendly rural public space
development.

Keywords: age-friendly design; rural public spaces; user–designer cognitive synergy;
aging-in-place strategies

1. Introduction

With the rapid acceleration of global population aging, the design of age-friendly
public spaces has become an urgent concern in both urban and rural contexts. In rural areas,
public spaces play a particularly crucial role in supporting older adults’ daily activities,
social engagement, and cultural practices. However, limited design and management re-
sources in these settings mean that even minor design oversights can have disproportionate
impacts on accessibility, safety, and well-being.

Although existing studies have advanced knowledge of spatial layouts, accessibility,
and environmental comfort in age-friendly design, they remain predominantly focused
on physical functionality. For example, Han [1] emphasized spatial design as the key
factor in elderly adaptability, while Feng [2] proposed community-based principles of
mutual support in rural Shanghai. Ren et al. [3] demonstrated how specific spatial elements
shape perceptual responses using eye-tracking technology. In international contexts, Nutt

Buildings 2025, 15, 3078 https://doi.org/10.3390/buildings15173078
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et al. [4] assessed Estonian towns and found that universal age-friendly principles were
often unmet, and Hartt et al. [5] showed that older adult play spaces require structured
yet flexible conditions to support diverse activities. In China, Gong et al. [6] identified
outdoor space challenges in Hangzhou’s residential neighborhoods, Zeng and Chen [7]
confirmed safety and accessibility as priorities in Wuhan, Yi et al. [8] optimized healthcare
facilities in Sanya to reduce walking distances and improve efficiency, and Cao et al. [9]
highlighted the differentiated needs of elderly travelers in Nanjing railway station. These
studies provide valuable methodological and scenario-specific insights, yet they mostly
emphasize physical and environmental improvements. The diverse and layered needs of
older adults, particularly those related to social interaction, emotional belonging, and cog-
nitive alignment with designers, remain underexplored. Field investigations in Jiangning
District, Nanjing, further illustrate these gaps: ramps exist only as isolated interventions
without continuous accessibility, nighttime safety measures are insufficient, and benches
without armrests are sited away from play areas, weakening intergenerational interaction.
Such shortcomings highlight the absence of a systematic pathway from identifying user
needs to translating them into prioritized interventions.

This study seeks to address these gaps by developing a User–Designer Cognitive
Alignment Framework for rural age-friendly public spaces. The objectives are threefold: to
uncover cognitive discrepancies between elderly users and designers in relation to spatial
functions, environmental perception, and emotional attachment; to classify and prioritize
user needs according to their impact on satisfaction; and to construct a causal mapping that
translates cognitive findings into design strategies.

To achieve these objectives, the study integrates Grounded Theory (GT), the Fuzzy
Kano (FKANO) model, and the Decision-Making Trial and Evaluation Laboratory (DEMA-
TEL) method. Grounded Theory is employed to systematically elicit and code multidimen-
sional user needs, the FKANO model is used to classify attributes and assess satisfaction
elasticity, and DEMATEL is applied to reveal causal relationships and weightings among
needs. This integrated approach ensures both qualitative depth and quantitative precision.
Applied in representative rural cases in Jiangsu Province, the framework highlights crit-
ical design drivers such as barrier-free circulation, nighttime safety, and environmental
operations management. The findings not only contribute to theoretical enrichment in par-
ticipatory design research but also provide practical guidance for enhancing the livability
and inclusivity of rural communities.

The remainder of this paper is structured as follows. Section 2 reviews related studies
on age-friendly rural public spaces and user–designer cognition. Section 3 introduces the
theoretical foundation and research methodology. Section 4 presents the empirical analysis,
including need identification, classification, and causal mapping, followed by the proposed
design intervention. Section 5 evaluates the feasibility of the intervention, and Section 6
concludes with key contributions and future research directions.

2. Literature Review

2.1. Age-Friendly Design in Public Spaces

With the intensification of global population aging, the development of age-friendly
public spaces has become a key focus of academic research. In rural contexts, public spaces
serve as essential venues for older adults’ daily activities and social engagement, playing a
vital role in supporting both their physical and mental well-being [10]. Current research
primarily addresses age-friendly design through the lenses of universal accessibility, social
participation, and environmental safety, with considerable effort devoted to developing
evaluation frameworks for assessing the age-friendliness of public spaces. For instance,
Helbich et al. [11] explored the relationship between older adults’ exposure to green-
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blue spaces and depressive symptoms, finding that street-level green-blue spaces were
negatively correlated with depression scores, while satellite-based indicators showed no
significant association, highlighting the importance of perceived environmental quality.
Lin et al. [12] developed an age-friendly seating evaluation system for urban parks based
on the Kano–IPA model, identifying 20 indicators that influence older users’ satisfaction.
Zhang et al. [13] proposed a composite framework for evaluating the quantity, quality,
and spatial distribution of community open spaces, introducing the concept of “adaptive
spatial share” to assess intergenerational equity.

Additionally, Jiang et al. [14], through a survey of 108 elderly residents in Suzhou,
demonstrated that community infrastructure, street network conditions, and environmen-
tal satisfaction positively influence physical activity and health outcomes, providing a
theoretical basis for optimizing community facilities and street environments. Scholars
have also proposed targeted strategies for different types of public spaces. Zhou et al. [15]
proposed a three-dimensional framework for improving community interaction spaces—
encompassing functional complexity, age-sensitivity, and precision in construction—such
as enhancing seating comfort in conversational areas or integrating intergenerational in-
teraction elements into fitness zones. Han et al. [16] developed a quantitative evaluation
system for age-friendly design in affordable housing communities in Shenzhen using the
Analytic Hierarchy Process (AHP). Gong et al. [17], analyzing the Gongchen Bridge water-
front section of the Grand Canal, used factor analysis to identify five key dimensions, with
environmental factors having the strongest influence on elderly satisfaction. In cold-region
rural settings, Han and Yu [18] applied a fuzzy AHP approach, combined with Delphi
expert consultation, to construct an evaluation model for environmental carrying capacity
in cold-climate rural public spaces, clarifying the roles of socioeconomic and spatial factors.

In summary, significant progress has been made in developing evaluation frameworks
and urban-oriented strategies for age-friendly public space design. However, several criti-
cal gaps remain. First, most existing studies are urban-centric, overlooking the complexity
and multidimensionality of rural public space use, where older adults rely more heavily on
such spaces to fulfill social, ceremonial, and emotional needs. Second, the predominant
reliance on quantitative methods limits insight into subjective experiences and perceptions;
user needs are often inferred from observed behavior, neglecting subjective cognition and
potential designer misinterpretations. Third, few studies explore systematic co-design
mechanisms that bridge the cognitive divide between users and designers. To address
these gaps, this study focuses specifically on age-friendly design in rural public spaces,
adopting a multi-perspective, multi-stage methodology centered on user–designer col-
laboration, aiming to contribute both theoretical enrichment and practical pathways for
context-sensitive and participatory design innovation.

2.2. Multi-Method Integration in Collaborative Design

In recent years, user participation and collaborative design have become central
paradigms across design disciplines. In response to increasingly diverse and complex
user demands, the field has shifted from expert-led models toward human-centered co-
creation, emphasizing early user involvement to enhance design relevance, usability, and
acceptance. For example, in the healthcare domain, Witteman et al. [19] developed the
User-Centered Design 11-item Scale using psychometric methods, validating the positive
impact of multi-stage user participation on tool usability. In age-friendly product design,
Wang et al. [20] integrated the Kano model, AHP, and Fuzzy Comprehensive Evaluation to
systematically address feature prioritization and solution optimization for elderly walkers.
In service system design, Du [21] innovatively combined DEMATEL and TOPSIS to resolve
stakeholder conflicts and manage risk compensation in segmented logistics services. For
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environments designed for special populations, Liu et al. [22] applied Axiomatic Design to
translate the interactive needs of children with intellectual disabilities into spatial design
parameters, demonstrating the value of layered demand modeling.

In the domain of intelligent infrastructure, Liu [23] developed an analytical framework
by integrating the Kawakita Jiro Method, Kano model, and AHP to optimize core functions
of electric vehicle charging stations. In the domain of home textile design, Qin et al. [24]
explored the relationship between the symmetry of traditional Jiangnan homespun patterns
and user perception. Emotional descriptors were gathered using affinity diagramming,
and Principal Component Analysis (PCA) was employed to extract key perceptual dimen-
sions. The Fuzzy Analytic Hierarchy Process (FAHP) was then used to assign relative
weights to these dimensions. Based on the results, five pattern variants were reconstructed
using shape grammar, and the optimal design scheme was identified through Quality
Function Deployment (QFD) combined with Grey Relational Analysis (GRA). Likewise,
Wang et al. [25] applied modularity and axiomatic design to achieve lifecycle-based adapt-
ability in children’s furniture design. Wang et al. [26] employed a combination of affinity
diagramming, the Analytic Hierarchy Process (AHP), and the entropy weight method to
investigate the relationship between emotional vocabulary, cultural symbols, and user
perception. Drawing upon artifact elements from the tomb of the Marquis of Haihun, the
authors extracted representative cultural features and, through Quality Function Deploy-
ment (QFD), established a structured mapping to inform the optimization of Chinese-style
seating design. These studies share a common cross-disciplinary methodological structure,
needs identification, attribute classification, quantitative prioritization, and design verifi-
cation, offering a replicable model for collaborative design across various domains. Such
frameworks have significantly expanded the theoretical foundations and methodological
toolkits for participatory and demand-driven design.

Despite these advancements, several limitations persist in the context of age-friendly
spatial design, particularly in rural settings. First, although multi-method integration
has proven effective in product and service domains, its applicability to socially complex,
spatially embedded rural public spaces remains underexplored. Second, many studies
emphasize the user perspective, while overlooking the designer’s cognitive framework,
including their assumptions, knowledge structures, and interpretive filters. This creates a
disconnect where “collaboration” becomes symbolic or superficial, lacking mechanisms
for cognitive convergence and meaningful co-creation. In response, this study proposes
a User–Designer Cognitive Alignment Framework that integrates Grounded Theory to
reveal cognitive divergence, the FKANO model to classify and prioritize user needs,
and the DEMATEL method to map causal relationships among needs. This integrated
methodology enables structured modeling of collaborative design processes and provides
empirical validation and actionable strategies for building consensus and supporting
decision-making in complex age-friendly design contexts.

3. Methods

3.1. Research Framework and Process Design

This study aims to enhance the age-friendliness of rural public spaces by establishing
a User–Designer Cognitive Alignment Framework, thereby addressing the multifaceted
spatial needs of the elderly population. To achieve this goal, a comprehensive framework
is proposed, integrating GT, the FKANO model, and the DEMATEL method, as illustrated
in Figure 1. The framework proceeds through the following stages:

• Semi-structured interviews and field observations were conducted with elderly users
and designers to capture cognitive perspectives regarding functions, environmen-
tal settings, and emotional associations. Through open, axial, and selective coding,
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authentic user needs were systematically extracted and organized into preliminary
categories. These categories served as the direct item pool for the FKANO question-
naire design, ensuring that the subsequent quantitative analysis was firmly grounded
in empirical data.

• Using the GT-derived needs as inputs, a structured questionnaire was distributed to
classify each demand element into Must-be (M), One-dimensional (O), or Attractive
(A) attributes, while also quantifying their influence on satisfaction through Better–
Worse coefficients. This step revealed cognitive gaps between users and designers in
interpreting and prioritizing needs. FKANO results provided the initial weighting
cues and category typologies that guided the DEMATEL analysis.

• Expert evaluation was conducted on the FKANO-screened needs to build a Direct
Influence Matrix. DEMATEL was then applied to uncover causal relationships, cal-
culate prominence (D + C) and net influence (D − C), and identify key driving and
dependent factors. Importantly, DEMATEL also acted as a validation step: Must-
be and high-priority One-dimensional items identified in FKANO were expected
to emerge as causal drivers with high prominence, whereas Attractive items were
more likely to appear as dependent effects. Any inconsistencies were examined and
reconciled through contextual interpretation, thereby cross-validating the robustness
of the FKANO classification.

Figure 1. Proposed Framework.

By integrating these methods, the framework forms a closed-loop pathway from
qualitative need elicitation (GT) to quantitative categorization and prioritization (FKANO)
to causal validation and decision mapping (DEMATEL). This multi-method synergy en-
sures that design interventions are both empirically grounded and logically prioritized. A
representative rural public space was then selected for design intervention, where itera-
tive refinement translated theoretical findings into actionable spatial strategies, directly
addressing neglected but high-impact user needs.
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3.2. Grounded Theory

Grounded Theory (GT) is a qualitative methodology that emphasizes theory gener-
ation from empirical data rather than testing pre-existing hypotheses [27,28]. Originally
proposed by Glaser and Strauss, GT has been widely applied in healthcare, sociology,
and, more recently, in design research, where it serves as a rigorous tool for eliciting user
needs and constructing theoretical frameworks [29]. Its advantage lies in uncovering latent
patterns and building explanatory models that capture complex social realities [30].

In this study, GT was applied to identify the multidimensional needs of rural elderly
users and to reveal cognitive mismatches between users and designers [31,32]. The process
involved five steps:

(1) Data Collection: Semi-structured interviews and on-site observations were conducted
with elderly users and spatial designers, focusing on functional requirements, safety,
emotional and social dimensions, and environmental maintenance.

(2) Open Coding: Interview transcripts were analyzed line by line to extract key expres-
sions, which were then labeled and grouped into initial conceptual categories.

(3) Axial Coding: Relationships among these concepts were examined to form broader
themes such as functional needs, emotional belonging, and environmental management.

(4) Selective Coding: Core categories were consolidated into a coherent framework,
highlighting areas of divergence or conflict between user expectations and design
assumptions. These results also provided inputs for FKANO classification and DE-
MATEL analysis.

(5) Theoretical Saturation Testing: Additional interviews were used to confirm complete-
ness; once no new categories emerged, the framework was deemed saturated and
ready for subsequent model validation.

Through this process, GT ensured that the subsequent quantitative analyses were
firmly grounded in authentic user cognition, thereby strengthening the reliability and
contextual relevance of the research framework.

3.3. Fuzzy Kano Model

The Kano model is a qualitative tool widely used to categorize user needs and deter-
mine design priorities. It illustrates the nonlinear relationship between design features
and user satisfaction, as shown in Figure 2 [33,34]. However, traditional Kano analysis
cannot fully capture subjectivity and uncertainty in user feedback. The FKANO model
addresses this by integrating fuzzy logic and fuzzy set theory, allowing for a more accurate
evaluation of user expectations [35,36].

The FKANO model enables users to express satisfaction degrees using fractional
values between 0 and 1 across different response options [37], better reflecting ambiguous
real-world preferences [38]. In this study, FKANO is applied to classify and quantify
age-friendly attributes in rural public space design. FKANO implementation involves
four steps:

(1) Questionnaire Design and Distribution: A questionnaire based on GT-derived needs
is created and distributed both online and offline to ensure coverage across diverse
elderly user groups.

(2) Interaction Matrix Construction: Based on user responses, presence (P) and absence
(N) matrices are constructed. From these, the interaction matrix S is derived, capturing
how different attributes affect user attitudes:

S = PT × N (1)

9



Buildings 2025, 15, 3078

Figure 2. KANO Model.

(3) Attribute Classification via Membership Vector: The values in matrix S are mapped
to an evaluation table (Table 1) to derive membership vectors T. Using a threshold
of α = 0.4, attributes are classified as 1 or 0. If multiple categories are valid, they are
prioritized as: Must-be (M) > One-dimensional (O) > Attractive (A) > Indifferent (I) >
Reverse (R).

Table 1. FKANO Model Evaluation Matrix.

Perceived Requirement
If the Feature Is Absent

Likes Expects So Neutral Can Accept Dislikes

If this feature
is present

Likes Q A A A O
Expects So R I I I M

Neutral R I I I M
Can Accept R I I I M

Dislikes R R R R Q
Must-be requirements (M), One-dimensional requirements (O), Attractive requirements (A), Indifferent require-
ments (I), Reverse requirements (R).

(4) Satisfaction Impact Analysis: The proportions of Ai, Mi, Oi, and Ii are used to calculate
two indicators:
Satisfaction Coefficient:

Si =
Ai + Oi

Ai + Oi + Mi + Ii
(2)

Dissatisfaction Coefficient:

Di = −1 · Mi + Oi
Ai + Oi + Mi + Ii

(3)

These coefficients support identification of high-priority features that significantly
influence satisfaction and guide design trade-offs.

Linking sources to outputs and validation: (1) Item generation (GT → FKANO): Ques-
tionnaire items were directly derived from GT selective categories, formulated as paired
positive/negative “presence/absence” statements. Each item is traceable to its originat-
ing open/axial code cluster, ensuring comprehensive need coverage. (2) Screening and

10
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weighting (FKANO → DEMATEL): Based on FKANO classes and Better–Worse coeffi-
cients, we prioritized Must-be (M) and high-sensitivity One-dimensional (O) items, and
contextually admitted a subset of Attractive (A) items. FKANO outputs were translated
into the DEMATEL factor list with initial importance references to guide expert pairwise
weighting and threshold setting. (3) Cross-validation expectations: M and high-O items
are expected to exhibit high prominence (D + C) and act as causal drivers (D − C > 0) in
DEMATEL, whereas A items tend to be effect receivers (D − C < 0) with lower prominence.
Any discrepancies are contextually reconciled and calibrated.

3.4. Decision-Making Trial and Evaluation Laboratory Method

As multi-attribute decision-making becomes increasingly complex, the DEMATEL
method has gained popularity for visualizing and analyzing causal relationships among
interrelated factors [39]. Its strength lies in mapping direct and indirect influences, enabling
decision-makers to prioritize interventions with clarity and precision [40]. In this study,
DEMATEL is applied to analyze interdependencies among user needs in rural age-friendly
design [41], with the goal of identifying root causes [42], prioritizing interventions, and
supporting evidence-based decisions [43]. The procedure includes:

(1) Pairwise Influence Evaluation: Experts rate the degree of influence each demand
element has on others, generating a direct-relation matrix A.

A =

⎡
⎢⎢⎢⎢⎣

0 a12 . . . a1n

a21 0 . . . a2n
...

... 0
...

an1 an2 . . . 0

⎤
⎥⎥⎥⎥⎦ =

(
Aij

)
n×n (4)

(2) Normalization of the Matrix: Matrix A is normalized to obtain matrix X, ensuring that
the total influence score does not exceed 1.

X = A/ max
1≤i≤n

n

∑
j=1

Aij =
(

xij
)

n×n (5)

(3) Total Influence Matrix Calculation: The total influence matrix T is computed using
the following formula:

T = X(I − X)−1 (6)

Capturing both direct and indirect effects.

(4) Causal Metrics Derivation: For each factor, calculate:
Degree of influence:

Di =
n

∑
j=1

Tij(1 ≤ i ≤ n, 1 ≤ j ≤ n) (7)

Degree of being influenced:

Ci =
n

∑
j=1

Tij(1 ≤ i ≤ n, 1 ≤ j ≤ n) (8)

Analyze Di + Ci (prominence) and Di − Ci (net influence) to generate an Influence
Network Relation Map (INRM) (Figure 3), categorizing demand elements.

11
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Figure 3. INRM-Based Classification of Demand Categories.

This method offers a structured approach to uncovering underlying causal chains,
strengthening the systematicity, scientific validity, and practical alignment of rural age-
friendly spatial design.

4. Case Study

4.1. User Need Identification Based on Grounded Theory

(1) Data Collection

A purposive sampling approach was adopted to recruit elderly residents from vil-
lages in Jiangning District, Nanjing, Jiangsu Province, for in-depth interviews conducted
between March and May 2025. The final sample size was determined based on the princi-
ple of theoretical saturation, resulting in a total of 20 participants representing a diverse
cross-section of the rural elderly population. Basic information about the interviewees is
provided in Figure 4. Each participant participated in a face-to-face interview guided by a
semi-structured protocol (Appendix A). The interviews, lasting approximately 20–30 min
each, were fully audio-recorded. After each interview, transcripts were promptly com-
piled and returned to participants for review and verification, ensuring data accuracy
and completeness.

(2) Open Coding

Following data collection, all interview transcripts were analyzed using the coding
procedures of Grounded Theory, comprising open, axial, and selective coding stages. To
enhance analytic reliability, three researchers in the field of design jointly participated in
the coding process, ultimately producing a robust coding structure. During open coding,
the textual data were reviewed line by line to extract key expressions related to user needs
in rural public spaces. A total of 23 preliminary conceptual categories were identified from
user narratives. These categories were then organized into an initial conceptual framework,
forming the basis for more structured theoretical abstraction.

12
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Figure 4. Background Information of Interview Participants.

(3) Axial Coding

In the axial coding phase, the 55 initial concepts identified during open coding were
further classified and synthesized to explore their underlying logical relationships. Through
systematic integration, the 23 conceptual categories were consolidated into four overar-
ching axial categories, forming a more cohesive and hierarchical theoretical structure for
analyzing age-friendly rural public space design. This process allowed for deeper insights
into the internal linkages among user needs and clarified how these dimensions interact
within the rural design context. The complete coding results are presented in Table 2, which
lays a solid foundation for subsequent empirical analysis and theoretical modeling.

(4) Selective Coding

The selective coding phase focused on synthesizing the relationships among axial
categories into a unified and systematic theoretical framework. Based on the results of the
prior coding stages, the demand indicators were organized into key themes, functional
attributes, emotional belonging, and environmental management, which reflect the experi-
ential and perceptual needs of elderly users. The final outcome was a hierarchical model
of elderly spatial demands, comprising four major categories: functional completeness,
safety assurance, emotional attachment, and environmental governance, as depicted in
Figure 5. This model provides a structured theoretical basis for the empirical validation
and subsequent design optimization of rural age-friendly public spaces.

13
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Table 2. Coding Results Based on Grounded Theory.

Core Category Subcategory Initial Concepts

Basic Functional and Smart
Needs (C1)

Spatial Convenience (B1) Proximity to users (A1), Convenient transportation
(A2), High accessibility (A3)

Facility Usability (B2) Comfortable seating (A4), Appropriate fitness
equipment (A5), Shelter from sun/rain (A6)

Functional Diversity (B3)
Resting areas (A7), Recreational zones (A8),
On-site medical facilities (A9), Drinking
stations (A10)

Smart-Friendliness (B4) Facial recognition (A11), Mobile app
operability (A12)

Shared Internet Access (B5) Full local network coverage (A13)

Barrier-free Accessibility (B6) No steps (A14), Wheelchair ramps (A15),
Well-placed handrails (A16)

Safety and Security Needs (C2)

Facility Safety (B7) Non-slip flooring (A17), Protective railings (A18)

Emergency Response (B8) Emergency medical equipment (A19), Emergency
call buttons (A20)

Health Protection (B9) First-aid stations (A21)

Disaster Preparedness (B10) Emergency plans and signage for fire, flood, and
earthquake (A22)

Surveillance and Lighting (B11) Surveillance in key areas (A23), Adequate night
lighting (A24), Safety in nighttime activities (A25)

Social and Emotional Belonging
Needs (C3)

Social Interaction (B12) Spaces for conversation (A26), Opportunities for
making friends (A27)

Activity Participation (B13)
Ancestral worship events (A28), Traditional
festivals (A29), Village decision-making
gatherings (A30)

Sense of Belonging (B14) Familiarity (A31), Sense of identity (A32), Feeling
at home (A33)

Intergenerational Integration (B15) Shared use with younger generations, e.g., elderly
caring for children (A34)

Volunteering and Mutual Aid (B16) Volunteer service stations (A35), Encouragement
of mutual care (A36), Warm atmosphere (A37)

Environmental and
Maintenance Needs (C4)

Environmental Comfort (B17) Fresh air (A38), Green landscaping (A39), Low
noise levels (A40)

Sanitation Conditions (B18) Cleanliness (A41), Sufficient trash bins (A42),
Routine cleaning (A43)

Management and Maintenance (B19) On-site personnel (A44), Timely facility repair
(A45), Environmental upkeep (A46)

Operational Cost Efficiency (B20) Low construction costs (A47), Minimal
maintenance expenses (A48)

Localized Information Boards (B21) Community bulletin boards (A49), Informative
signage and slogans (A50)

Architectural Localization (B22) Use of traditional local styles (A51), Integration of
local culture (A52)

Sustainable Materials (B23) Eco-friendly materials (A53), Green-certified
materials (A54), Non-toxic materials (A55)
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Figure 5. Hierarchical Model of Demand Elements.

(5) Theoretical Saturation Testing

To ensure completeness and robustness, a theoretical saturation test was conducted
to verify that all critical categories and relationships had been adequately captured. Two
additional interview transcripts, reserved for validation, were analyzed, yielding no new
core categories or key indicators. This confirmed that the current coding structure had
reached the point of theoretical saturation. Overall, the coding framework effectively
captures the diverse and layered nature of elderly spatial needs in rural settings, offering
valuable theoretical support for both policy-making and practical design application.

4.2. User Demand Screening Based on the FKANO Model

To further explore and accurately interpret the latent and affective preferences of
elderly users regarding rural public space, this study employed the FKANO model to
classify and analyze user needs. Based on the demand indicators established in Table 2,
a structured FKANO questionnaire was developed. Each item was assessed through
paired positive and negative phrasing, allowing for dual evaluation of presence versus
absence. The survey was administered to 90 elderly individuals and family members, along
with 20 village administrators, resulting in 100 valid responses after the exclusion of six
inconsistent and four incomplete questionnaires.

The FKANO model applied a fuzzy interval scale of [0, 1] to capture the degree of
importance and satisfaction associated with each spatial attribute. This enabled the fuzzy
categorization and quantitative prioritization of user needs, identifying the most critical
features and functions of rural public spaces from an elderly-centric perspective. The
results support targeted spatial enhancements by designers and administrators, ensuring
that the configuration of public spaces is more closely aligned with user expectations.
This approach also contributes to improving the attractiveness and satisfaction of rural
community services. To illustrate the application of the model, Table 3 presents selected
items from the FKANO questionnaire used in the empirical study. The findings provide
nuanced insights into user preference structures and offer actionable evidence for context-
sensitive optimization of age-friendly rural environments.
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Table 3. FKANO Model Survey Questionnaire (Excerpt).

Type User Demand Like Must-Be Indifferent Tolerable Dislike

Basic Functional and
Cognitive Needs (C1)

Spatial
Convenience (B1)

Present 0.7 0.3 0 0 0
Absent 0 0 0.2 0.2 0.6

. . . . . . . . . . . . . . .

Safety and Protection
Needs (C2)

Facility
Security (B7)

Present 0.5 0.2 0.3 0 0
Absent 0 0 0 0.7 0.3

. . . . . . . . . . . . . . . . . . . . . . . .

A total of 100 valid questionnaires were collected from rural elderly residents and
village administrators. Given the volume of data, Item B1 from Table 3 was chosen as a
representative example. The presence vector for this item was defined as P = [0.7, 0.3, 0, 0,
0], and the absence vector as N = [0, 0, 0.2, 0.2, 0.6]. Based on these vectors, the interaction
matrix S was constructed as follows:

S =

⎡
⎢⎢⎢⎢⎢⎣

0 0 0.14 0.14 0.42
0 0 0.06 0.06 0.18
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎦

By aligning the elements of Table 1 (the FKANO evaluation matrix) with the values in
S, the requirement membership vector for user demand is derived as follows:

T1 =

(
0.18
M′ ,

0.42
O′ ,

0.28
A′ ,

0.12
I′ ,

0
R′

)

According to the FKANO classification rules, if multiple requirement categories in
vector T have non-zero values, the final classification is determined by prioritizing the
categories in the following order: M > O > A > I > R. In this case, since the highest value
in T1 corresponds to the One-dimensional category, the attribute for Item B1 is defined as:
T1 = (0, 1, 0, 0, 0).

This classification procedure is repeated for all questionnaire responses. For each
user requirement, the most frequently occurring category is identified and designated
as its final classification. Subsequently, based on Equations (1) and (2), the Better–Worse
coefficients are computed. These coefficients represent the satisfaction gain index and the
dissatisfaction reduction index, respectively. When the absolute values of these coefficients
approach zero, it indicates that the corresponding requirement has minimal impact on user
satisfaction. Conversely, values approaching one reflect stronger influence. The detailed
results are presented in Table 4.

Based on the hierarchical model of age-friendly design needs for rural public spaces
and the classification results derived from the FKANO model, the study identified eight
Must-be (M) requirements, seven One-dimensional (O) requirements, six Attractive (A)
requirements, and two Indifferent (I) requirements, as shown in Table 5. According to
FKANO theory, Indifferent attributes exert minimal influence on satisfaction and are thus
excluded from further analysis.
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Table 4. FKANO Model Classification Results.

ID
Attribute Count Classified

Attribute

Better
Coefficient (%)

Worse
Coefficient (%)A O M I R Q

B1 18 12 43 15 6 6 M 27.3 −41.6
B2 13 44 15 18 5 5 O 55.6 −40.4
B3 14 41 17 20 4 4 O 54.1 −39.7
B4 41 18 18 13 5 5 A 65.1 −33.3
B5 38 15 20 17 6 4 A 60.0 −29.2
B6 15 13 43 19 5 5 M 26.7 −37.8
B7 16 14 41 19 5 5 M 28.1 −36.8
B8 13 46 15 17 5 4 O 58.6 −38.5
B9 16 42 17 15 5 5 O 59.7 −41.0
B10 15 43 18 15 5 4 O 58.7 −41.3
B11 18 13 43 16 5 5 M 29.4 −36.6
B12 15 14 41 20 5 5 M 27.7 −36.1
B13 15 43 17 16 5 4 O 59.3 −40.7
B14 38 17 20 16 5 4 A 60.6 −28.8
B15 13 44 16 18 5 4 O 55.7 −40.5
B16 41 14 20 16 5 4 A 65.1 −32.5
B17 15 13 25 39 4 4 M 34.0 −34.7
B18 14 12 46 18 6 4 M 26.0 −36.1
B19 12 12 21 42 7 6 I 29.2 −30.0
B20 10 11 14 55 6 4 I 27.6 −25.8
B21 9 11 14 57 5 4 I 26.0 −24.0
B22 39 13 19 20 5 4 A 57.4 −28.2
B23 41 12 17 22 4 4 A 67.7 −29.0

Table 5. Classification of Age-Friendly Design Requirements for Rural Public Spaces Based on the
FKANO Model.

FKANO Category Design Requirement Classification

M (Retained)

Spatial Accessibility (B1), Barrier-free Accessibility (B6), Facility Safety
(B7), Surveillance and Lighting (B11), Social Interaction Needs

Fulfillment (B12), Environmental Comfort (B17), Hygiene Conditions
(B18), Management and Maintenance (B19)

O (Retained)

Facility Suitability (B2), Functional Diversity (B3), Emergency
Response (B8), Health Protection (B9), Disaster Prevention and
Mitigation (B10), Activity Participation (B13), Intergenerational

Integration (B15)

A (Retained)
Smart Technology Friendliness (B4), Shared Network (B5), Sense of

Belonging Creation (B14), Volunteerism and Mutual Assistance (B16),
Building Localization (B22), Green and Healthy Materials (B23)

I (Not included) Operational Costs (B20), Thematic Information Boards (B21)

The retained M, O, and A requirements, representing fundamental expectations,
performance-based needs, and delight factors, are adopted as core evaluation dimensions
for optimizing age-friendly design in rural public spaces, as shown in Figure 6. By removing
non-impactful I-type attributes, the evaluation system becomes more user-centered and
design-efficient, enhancing the targeted effectiveness of spatial interventions for aging
populations in rural settings.
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Figure 6. Hierarchical Model of Age-Friendly Design Requirements for Rural Public Spaces.

4.3. Evaluation System Construction and Weight Ranking

To further clarify the interrelationships among user needs after determining their cate-
gorical attributes, this study applies the DEMATEL (Decision-Making Trial and Evaluation
Laboratory) method to analyze indicator weights. Based on the FKANO classification
results, a total of 21 key indicators were extracted for age-friendly design in rural public
spaces. These indicators are systematically categorized into four dimensions: Basic Func-
tional and Intelligent Service Needs (6 indicators), Safety and Protection Needs (5 indica-
tors), Social Interaction and Emotional Belonging Needs (5 indicators), and Environmental
and Maintenance Management Needs (5 indicators). This structured framework not only
reflects the multifaceted nature of elderly user demands but also provides robust input for
the subsequent DEMATEL-based causal analysis, enabling a nuanced understanding of
influence relationships among design criteria.

To further elucidate the interrelationships among user needs in the context of age-
friendly design for rural public spaces, a DEMATEL-based expert survey was administered,
involving 10 expert participants: eight university professors specializing in environmental
design and two rural governance practitioners. Participants completed a structured ques-
tionnaire designed to assess the pairwise influence relationships among the 21 user needs,
grouped into four major categories.

Each expert evaluated the direct influence of one need on another using a standardized
scoring system, resulting in a 21 × 21 direct-relation matrix. As shown in Table 6, higher
scores indicate a stronger direct influence of one need over another. The individual evalua-
tions were aggregated and arithmetically averaged to generate the initial direct influence
matrix, which served as the foundational dataset for the subsequent DEMATEL analysis.
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After deriving the total influence matrix (T), the influence degree (D) and dependence
degree (R) for each user need were calculated. Influence (D) quantifies the extent to which
a given need affects others within the system, while dependence (R) reflects the degree
to which it is affected by others. The sum (D + R), referred to as prominence or centrality,
indicates the systemic importance of each need within the overall interaction network.
The difference (D − R), known as the causal degree, distinguishes causal factors (positive
values) from effect factors (negative values). These indicator values are presented in Table 7.
A positive causal degree identifies the need as an active influencer, whereas a negative
value denotes a passive receiver of influence. This analysis provides critical insights into the
structural dynamics and interdependencies among user needs, informing the prioritization
of design interventions in age-friendly rural public spaces.

Table 7. DEMATEL Computed Indicator Values and Weights.

Influence
Degree (D)

Dependence
Degree (C)

Prominence
(D + C)

Causal Degree
(D − C)

Weight

D11 6.651 6.863 13.514 −0.212 0.0542
D12 6.538 6.414 12.952 0.124 0.0519
D13 5.904 5.929 11.832 −0.025 0.0474
D14 6.187 5.855 12.042 0.332 0.0483
D15 5.508 4.758 10.266 0.750 0.0411
D16 6.426 6.977 13.404 −0.551 0.0537

D21 6.955 6.280 13.235 0.675 0.0530
D22 6.197 5.551 11.748 0.645 0.0471
D23 5.808 5.310 11.118 0.498 0.0446
D24 5.929 5.698 11.627 0.230 0.0466
D25 6.118 5.252 11.370 0.866 0.0456

D31 5.893 6.724 12.617 −0.830 0.0506
D32 5.585 6.835 12.420 −1.249 0.0498
D33 5.708 6.665 12.372 −0.957 0.0496
D34 5.864 5.974 11.839 −0.110 0.0474
D35 5.078 5.854 10.932 −0.776 0.0438

D41 6.918 7.322 14.239 −0.404 0.0571
D42 5.852 5.012 10.864 0.840 0.0435
D43 6.310 5.855 12.166 0.455 0.0487
D44 4.260 4.694 8.954 −0.433 0.0359
D45 5.090 4.957 10.047 0.133 0.0403

By plotting prominence (D + R) and causal degree (D − R) on the horizontal and
vertical axes, respectively, an Influence Network Relationship Map (INRM) was constructed
to visualize the causal structure of user needs in age-friendly design for rural public spaces.
In this network, the direction of arrows represents the flow of influence—from active,
causal needs toward those more passively affected, allowing designers and planners to
intuitively identify critical needs and their transmission pathways.

The prominence value reflects the systemic significance of each factor; the higher
the value, the more central the need is within the network. Accordingly, the INRM (see
Figure 7) provides a graphical representation of the causal and influence dynamics among
all 21 indicators. Based on this analysis, the hierarchical importance of user needs in rural
age-friendly design is determined as follows: D41 > D11 > D16 > D21 > D31 > D12 > D32 >
D33 > D43 > D14 > D22 > D24 > D13 > D34 > D23 > D35 > D42 > D15 > D45 > D25 > D44.
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Figure 7. Influence–Dependence Map.

This ranking highlights the most influential needs within the system, offering a data-
driven foundation for prioritizing design interventions and policy actions that address the
challenges of aging in rural environments.

4.4. Age-Friendly Design Practices for Rural Public Spaces

The core objective of this study is to optimize design decision-making for age-friendly
rural public spaces by anchoring the process in user–designer cognitive synergy. Grounded
Theory was used to elicit and structure the multidimensional cognitions of older users
and designers. Needs were then classified with the Fuzzy Kano (FKANO) model, and the
DEMATEL method mapped causal relations to identify priority drivers. Results highlighted
Environmental and Operations Management (D41, Must-be; highest prominence) and
Spatial Accessibility (D11, Must-be) as critical determinants of satisfaction and usability,
while Smart-Friendliness (D16, Attractive) and Safety Organization (D21, Must-be) played
important roles in enhancing gains and reducing dissatisfaction.

(1) Overall Spatial Layout Design

The layout adopts multifunctional zoning and separates dynamic (recreation, play,
fitness) from static (reading, rest) areas (Figure 8). All zones are linked by continuous,
barrier-free pathways, addressing Spatial Accessibility (D11, M) and reducing resistance
for mobility aids. Glass curtain walls mitigate noise transfer, improving rest quality and
fulfilling Environmental Comfort (B17, M).

(2) Design of Key Spaces and Facilities

Barrier-free accessibility and safety features are emphasized. Pathways use low-
gradient slopes and anti-slip surfaces; high-visibility signage assists orientation, meeting
Barrier-free Accessibility (B6, M) and Safety Organization (D21, M). Restrooms are er-
gonomically adapted for elderly needs, as shown in Figure 9. Smart technologies, such
as motion-sensor lighting, public Wi-Fi, and one-touch emergency call points, address
Smart-Friendliness (D16, A) and Shared Network (B5, A). Service desks integrate first-aid
kits, AEDs, and surveillance, operationalizing Emergency Response (B8, O) and Health
Protection (B9, O), as shown in Figure 10.
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Figure 8. Interior Floor Plan.

 

Figure 9. Barrier-free Bathroom Design.

(3) Creation of Social and Emotional Spaces

Interactive spaces such as chess rooms, tea lounges, and multipurpose areas (Figure 11)
foster community communication. Intergenerational zones combine children’s play areas
with nearby seating for grandparents, implementing Social Interaction (D31, M) and
Activity Participation (B13, O). Modular furniture and flexible layouts enhance inclusivity
and embed Sense of Belonging (B14, A) and Intergenerational Integration (B15, O).
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Figure 10. Service Desk Design.

 

Figure 11. Communication and Interaction Space.

(4) Design Highlights and Innovations

Key user needs were transformed into concrete design strategies. An operations
hub consolidates maintenance and custodial functions, addressing Environmental and
Operations Management (D41, M) and Hygiene Conditions (B18, M). Smart services and
local cultural symbols (B22, A; B23, A) enrich usability and identity while avoiding thematic
overload. Compared with designs lacking such analytical grounding, this scheme ensures
continuity in accessibility, robust safety infrastructure, and sustainable upkeep, achieving a
systematic alignment between user priorities and spatial interventions.

5. Discussion

To evaluate the practical feasibility and user satisfaction of the optimized age-friendly
rural public space design, a comprehensive post-occupancy evaluation was conducted. The
assessment involved 20 elderly users and 5 grassroots government officials, who rated the
design across five critical dimensions: (1) safety and accessibility, (2) functional suitability
and convenience, (3) support for social participation and interaction, (4) environmental
comfort, and (5) cultural identity and community sustainability.

Each criterion was evaluated using a five-point Likert scale, ranging from 1 (“very
dissatisfied”) to 5 (“very satisfied”). The collected responses were subjected to statistical
analysis to calculate the mean score for each evaluation dimension. The results, visually
presented in a radar chart (see Figure 12), reveal a consistently high level of satisfaction,
with average scores exceeding 4.0 across all categories. These findings provide strong
empirical support for the real-world applicability and user-centered effectiveness of the
proposed design.
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Figure 12. User Evaluation Results.

The uniformly positive feedback from both elderly participants and local officials not
only validates the core design principles but also confirms their alignment with actual
user needs and community priorities. Moreover, the evaluation offers valuable insights for
future improvements, serving as a data-driven foundation for scaling and replicating age-
friendly spatial strategies in other rural contexts. Finally, the results underscore the practical
value of participatory design, highlighting the role of multi-stakeholder engagement in the
iterative development of inclusive public-space interventions.

In addition to immediate feasibility, long-term adaptability across diverse rural set-
tings must be considered. Rural communities differ significantly in geography, climate,
infrastructure, and socio-cultural traditions, which may influence the prioritization of user
needs and the effectiveness of design strategies. For example, mountainous villages require
enhanced anti-slip measures and slope management, while coastal or plain areas may
emphasize shading, ventilation, and flood resilience. To ensure sustainability, the proposed
framework incorporates an operations hub and continuous post-occupancy evaluation,
allowing local stakeholders to adjust facility maintenance, safety standards, and social
programming over time. This iterative mechanism not only strengthens long-term usability
and cost-effectiveness but also supports context-specific adaptation, making the framework
scalable to varied rural environments.

6. Conclusions

This study developed a User–Designer Cognitive Alignment Framework to enhance
the age-friendliness of rural public spaces. By integrating Grounded Theory, the Fuzzy
Kano model, and the DEMATEL method, the research systematically identified, classified,
and weighted the multi-dimensional needs of older adults, bridging the cognitive gap
between users and designers. The case application in Jiangsu Province demonstrated
that the framework can translate complex needs into actionable spatial strategies, such as
continuous barrier-free circulation, robust nighttime safety systems, and integrated opera-
tions hubs, thereby improving accessibility, safety, social belonging, and environmental
sustainability. These findings contribute both theoretical enrichment and practical guidance
for participatory and evidence-based rural design.

Nonetheless, this study has limitations. The empirical testing was restricted to a
small number of villages in Jiangsu Province, which constrains the generalizability of the
findings. Regional variations in socio-cultural traditions, geographical conditions, and
infrastructure levels may influence user needs and design priorities. In addition, the sample
size and focus on relatively well-developed rural areas may underrepresent challenges in
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less-resourced or climatically extreme settings. These factors should be considered when
transferring the model to other contexts.

Future research will therefore focus on enhancing robustness and scalability. First,
expanding the study to diverse rural regions (e.g., North China Plain, Southwest moun-
tainous areas, Southeast coastal zones) will allow comparative analysis of cultural and
geographical differences. Second, integrating climate and cultural factors as moderating
variables into the FKANO–DEMATEL framework can reveal regional variations in need
prioritization [44]. Third, establishing a demand–design feedback loop through continuous
post-occupancy evaluation will enable dynamic recalibration of design standards. Together,
these steps will improve the adaptability and replicability of the proposed framework,
supporting its broader application in rural aging-friendly design.
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Appendix A

Table A1. Semi-Structured Interview Guide.

1. Usage of Public Spaces

1.1 Which public spaces in the village do you visit most often? What makes you choose these particular places?
1.2 On average, how much time do you spend in these spaces each day (or week)? What types of activities do you
usually engage in?
1.3 What aspects of these spaces do you like the most? Are there any specific facilities or services that you are
particularly satisfied with?
1.4 During adverse weather conditions (e.g., extreme heat, rain, or snow), do you still visit these public spaces? Why
or why not?

2. Functional and Facility Needs

2.1 What facilities or functions do you think are still missing in the village’s public spaces? Why do you think they
are needed?
2.2 Which facilities are the most important to you? Why? Are there any that you find especially useful?
2.3 Are there any facilities that you feel are rarely used or unsuitable for older adults? Could you give some examples?
2.4 How satisfied are you with the existing facilities? Are there any you think should be improved or upgraded?
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Table A1. Cont.

3. Emotions and Sense of Belonging

3.1 Do you meet or socialize with friends or neighbors in these public spaces? Is this kind of social interaction
important to you?
3.2 How do these spaces influence your daily life, social relationships, or emotional well-being? Is there a particular
space that makes you feel especially warm or included?
3.3 What aspects of space design make you feel a stronger sense of belonging or make you more willing to stay? Why?

4. Safety and Accessibility

4.1 Do you have any safety concerns when using public spaces? For example, fear of falling, traffic risks, etc.? Are
there any areas you find particularly unsafe?
4.2 Are the spaces accessible for mobility aids such as wheelchairs or walkers? Are there specific places that are
unfriendly to wheelchair users?
4.3 What are your suggestions or expectations regarding the safety and accessibility of public spaces?

5. Design Suggestions and Expectations

5.1 If public spaces could be renovated or newly built, what aspects would you most like to improve or add? Why?
5.2 Do you feel that designers truly understand your needs? Why or why not? How do you think designers could
better understand your needs?
5.3 Would you like to participate in discussions or decision-making about the design of village public spaces? Why? In
what ways would you prefer to be involved?
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Abstract: Improving outdoor thermal comfort is a critical objective in urban design, partic-
ularly in densely built urban environments. Elevated semi-open spaces—outdoor areas
located beneath raised building structures—have been recognized for enhancing pedes-
trian comfort by improving airflow and shading. However, previous studies primarily
focused on warm or temperate climates, leaving a significant research gap regarding their
thermal performance in cold climate zones characterized by extreme seasonal variations.
Specifically, few studies have investigated how these spaces perform under conditions
typical of northern Chinese cities like Xi’an, which is explicitly classified within the Cold
Climate Zone according to China’s national standard GB 50176-2016 and experiences both
severe summer heat and cold winter conditions. To address this gap, we conducted field
measurements and numerical simulations using the ENVI-met model (v5.0) to systemati-
cally evaluate the microclimatic performance of elevated ground-floor spaces in Xi’an. Key
microclimatic parameters—including air temperature, mean radiant temperature, relative
humidity, and wind velocity—were assessed during representative summer and winter
conditions. Our findings indicate that the height of the elevated structure significantly
affects outdoor thermal comfort, identifying an optimal elevated height range of 3.6–4.3 m
to effectively balance summer cooling and winter sheltering needs. These results provide
valuable design guidance for architects and planners aiming to enhance outdoor thermal
environments in cold climate regions facing distinct seasonal extremes.

Keywords: elevated design beneath building; on-site measurement; numerical simulation;
thermal comfort

1. Introduction

Rapid urbanization has led to a substantial increase in energy consumption across
many cities, contributing to the degradation of the urban climate and environment—
particularly in developing countries [1]. Among the resulting challenges, the urban heat
island (UHI) effect—characterized by elevated surface and air temperatures in urban areas
compared to their rural counterparts—has attracted significant research attention [2]. The
UHI effect not only exacerbates thermal discomfort but also intensifies energy demand for
indoor cooling during hot periods [3]. For instance, studies indicate that energy consump-
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tion in urban areas is approximately 81% higher than in rural regions [4], underscoring the
urgent need for effective UHI mitigation strategies.

As urban residents increasingly engage in outdoor activities such as cycling, jogging,
and walking, the quality of the outdoor thermal environment has become a key factor
influencing urban livability. A thermally comfortable outdoor setting encourages longer
periods of outdoor stay, potentially reducing dependence on mechanical cooling and
lowering overall indoor energy use.

Outdoor thermal comfort is commonly defined as “the condition of mind that ex-
presses satisfaction with the outdoor thermal environment” [5]. Since the 1980s, interest in
outdoor thermal comfort has grown, especially concerning pedestrian experiences in urban
plazas, squares, and street canyons. Thermal comfort in outdoor settings is governed by
the principles of human thermo-physiology and the body’s heat balance with its surround-
ings. This exchange of heat—via radiation, evaporation, conduction, and convection—is
influenced by both human-related factors (e.g., activity level, clothing insulation) and
environmental parameters that shape the thermal context (Figure 1) [6].

Figure 1. The parameters affecting outdoor thermal comfort.

Vital physical parameters—such as air temperature, mean radiant temperature, wind
velocity, and relative humidity—are interrelated and form the basis for calculating outdoor
thermal comfort.

Numerous indices have been developed to quantify thermal comfort; over 165 indica-
tors have been identified in previous research [7]. Among them, widely recognized indices
include the Standard Effective Temperature (SET*) [8] and Predicted Mean Vote (PMV) [9].
However, these two indices were originally developed for indoor environments and are
generally not suitable for outdoor applications due to the dynamic and complex nature
of outdoor climates. While the PMV index may have limited outdoor applicability as an
indicator for the transition from thermal discomfort to physiological heat stress.

The Universal Thermal Climate Index (UTCI) [10] and Physiological Equivalent Tem-
perature (PET) [11] are examples of such indices. In this study, PET—derived from the
Munich Energy Balance Model for Individuals (MEMI) [12]—was adopted due to its strong
suitability and established validity in outdoor thermal comfort research.

Extensive research has been conducted on strategies to enhance outdoor thermal
comfort, focusing on factors such as urban canyon geometry and orientation [2,13–15], veg-
etation coverage [16], building density [17], and surface thermal properties of pavements
and façades [18–20]. For instance, increasing the aspect ratio (H/W) of urban canyons has
been shown to reduce maximum daytime thermal stress by up to 4 ◦C PET [21], while the

30



Buildings 2025, 15, 2777

introduction of vegetation, such as trees, may result in a PET reduction of approximately
3 ◦C during daytime hours [22]. Likewise, materials with high albedo for pavements and
low albedo for vertical surfaces have been found to improve local thermal conditions [23].

However, most of these studies have been concentrated in warm European cli-
mates [24–27], and only more recently has research emerged in various climate zones
across China, including hot-summer and cold-winter climates [28–30], hot-summer and
warm-winter regions [31–35], and severely cold areas [36–38]. Despite these developments,
studies specifically addressing thermal comfort in cold climate zones as defined by the
Chinese national standard GB 50176-2016 remain limited [39], even though such regions ex-
perience intense heat stress during the summer (Figure 2). Moreover, existing studies have
primarily focused on traditional outdoor environments such as parks [40–42], streets [1],
squares [43,44], and campuses [45], while research on the microclimatic performance of
semi-open areas beneath buildings is still scarce.

 

Figure 2. The climate zone of China (Xi’an is explicitly classified within the Cold Climate Zone
according to GB 50176-2016) [39].

One architectural approach that creates such semi-open spaces is the “elevated design,”
which places part of a building above ground level on stilts or columns, generating shaded
public areas below. Commonly seen in high-density cities like Hong Kong, this design
provides sheltered outdoor space that can mitigate solar exposure on hot days. Studies
have shown that wind velocity tends to be higher in elevated open spaces [46], and thermal
simulations have demonstrated that these areas can exhibit PET reductions of up to 15 ◦C
compared to adjacent open areas [47]. However, previous investigations of elevated
buildings have primarily been conducted in hot-summer and warm-winter regions of
southern China [46–50].

Xi’an—a city explicitly classified within the Cold Climate Zone according to GB 50176-
2016—is experiencing increasingly frequent and intense summer heatwaves, becoming one
of China’s “new top ten hottest furnaces.” Although Xi’an lies within the Cold Climate
Zone, the city faces distinct seasonal extremes, including notably hot summers and cold
winters. Thus, urban design strategies for Xi’an must concurrently address both summer
heat stress and winter thermal discomfort to create genuinely climate-responsive urban
environments. In this study, we aim to evaluate the thermal performance of elevated
open spaces in Xi’an and identify optimal elevation parameters through a combination
of on-site measurements and ENVI-met simulations. The findings are intended to inform
design guidelines for elevated educational buildings and other semi-open structures in
cold climate zones experiencing pronounced seasonal extremes, similar to Xi’an.
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2. Materials and Methods

2.1. Climate Conditions of the Research City in China

Xi’an is geographically situated between 107.4◦ E and 109.49◦ E longitude and 33.42◦ N
and 34.45◦ N latitude. According to the Thermal Design Code for Civil Building (GB50176-
93) [39], the city is classified within the cold climate zone of China (Figure 3). Xi’an
experiences four distinct seasons: a mild spring, a hot summer, a cool autumn, and a
cold winter [51].

 
Figure 3. Detailed climate classification of Xi’an.

Meteorological data from 1971 to 2011 indicate that July has the highest average
monthly temperature at approximately 27 ◦C, with a maximum recorded temperature of
31.7 ◦C. Conversely, January exhibits the lowest mean monthly temperature at −0.4 ◦C,
with minimum temperatures reaching −3.4 ◦C. The annual mean relative humidity ranges
between 57.2% and 77.4% [52].

2.2. The Analyzed Site

The field measurements were conducted on the Weishui Campus of Chang’an Uni-
versity, located in Xi’an, China. The test site was positioned within a corridor beneath an
elevated building, featuring approximate dimensions of 15 m in length, 8.4 m in width,
and 3.5 m in height (Figure 4).

 
Figure 4. The research site in this study (a) Location of xi’an city (b) Weishui campus (c) Research
area (d) Research site.

In this study, one measurement point was selected, located beneath the elevated
structure (referred to as the elevated test point) (Figures 5 and 6). Meteorological parameters
collected at this point were used for validating the ENVI-met simulation results. Boundary
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conditions for the ENVI-met simulations were derived from local meteorological data
obtained from a nearby official weather station, ensuring representative and accurate input
conditions for the model.

 
Figure 5. The selected points of this study.

 

Figure 6. The elevated point.

2.3. The Experimental Design

Field measurements were conducted separately during the summer and winter sea-
sons, from 8 to 10 July 2020, and 4 to 6 January 2021, respectively, between 9:00 a.m. and
6:00 p.m. each day. These periods represent the typical hottest and coldest days of the year
in Xi’an [53] (Table 1).

Table 1. The meteorological conditions during the measured days.

Measured Date Mini Temperature Max Temperature

8 July 2020 26 ◦C 36 ◦C
9 July 2020 25 ◦C 37 ◦C

10 July 2020 22 ◦C 29 ◦C
4 January 2021 −2 ◦C 3 ◦C
5 January 2021 −8 ◦C 1 ◦C
6 January 2021 −9 ◦C 0 ◦C

The monitored microclimatic parameters included air temperature (Ta), relative hu-
midity (Rh), wind velocity (Va), and globe temperature (Tg). Air temperature and relative
humidity were recorded using HOBO data loggers (accuracy: ±0.2 ◦C for air temperature
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and ±2.5% RH for relative humidity; resolution: 0.02 ◦C and 0.05% RH, respectively).
Wind velocity was measured using the Kestrel 5500 anemometer [54], a fan-type device
with an accuracy of ±3% of the reading or ±0.1 m/s, a measurement range of 0.6–40 m/s,
and a resolution of 0.1 m/s. This anemometer provides reliable readings primarily above
0.6 m/s and may exhibit reduced accuracy at lower wind speeds typically encountered
in outdoor thermal comfort assessments. Globe temperature was measured using the
HD32.2 WBGT Index Instrument [54] (accuracy: ±0.1 ◦C; range: −10 to 100 ◦C; resolution:
0.1 ◦C) (Table 2).

Table 2. The detailed introduction of the instruments in this study.

Instrument Parameter Accuracy Range Resolution

Kestrel Wind velocity ±3% of reading or
±0.1 m/s 0.6–40 m/s 0.1 m/s

HOBO Air temperature
Relative humidity

±0.2 ◦C
±2.5%

−40 ◦C ± 70 ◦C
0–100%

0.02 ◦C
0.05%

HD32.2 WBGT Index Globe temperature ±0.1 ◦C −10–100 ◦C 0.1 ◦C

We explicitly selected the 150 mm globe thermometer due to its higher measurement
accuracy in quantifying radiant heat exchange, as extensively documented in the litera-
ture [54]. Although the 150 mm globe exhibits a comparatively longer response time than
the 50 mm version, its improved accuracy in outdoor thermal comfort assessments justified
this choice. All instruments were mounted at a standard pedestrian height and securely
fixed to the ground. Measurements were recorded at one-minute intervals throughout the
monitoring periods to capture detailed temporal variations.

2.4. The Introduction of the ENVI-Met Modeling

ENVI-met is a three-dimensional, non-hydrostatic microclimate simulation platform
based on the fundamental principles of thermodynamics and fluid dynamics. It is specifi-
cally designed to evaluate the complex interactions among soil, vegetation, air, and build-
ings within urban environments. Figure 7 presents a detailed overview of the ENVI-met
model layout used in this study. The simulation framework comprises several sub-models,
including a one-dimensional (1D) boundary layer model, a three-dimensional (3D) soil
model, and a 3D atmospheric model. The 1D model simulates vertical atmospheric pro-
cesses from the ground surface (0 m) up to 2500 m in height. The 3D domain is discretized
into grid cells, with spatial resolution defined in the model input files. To enhance compu-
tational accuracy near the pedestrian level, the lowest five vertical layers are refined using
a stretching method, where the vertical increment is set to Δz = 0.2Δz.

Figure 7. The overview of the ENVI-met.

In terms of resolution, ENVI-met supports a spatial grid size ranging from 0.5 to 10 m,
and a temporal resolution from 1 to 10 s, allowing for flexible and high-fidelity simulations
of urban microclimates [55].
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Previous studies have extensively utilized ENVI-met to assess outdoor thermal en-
vironments and human thermal comfort in urban contexts [2,16,21,54–58]. A significant
advancement in this regard is the release of a critical version of ENVI-met, which intro-
duced the capability to import 3D models from Rhinoceros. This update addresses the
limitations of earlier versions that lacked the flexibility to model complex urban forms,
thereby making the tool more accessible and practical for architects and urban designers.

In the context of urban design and planning, it is essential to consider seasonal
variations in solar radiation—particularly the need to block excessive solar gain during
summer while permitting beneficial radiation during winter. This study leverages the latest
ENVI-met features to simulate and analyze the thermal environment in semi-open spaces
beneath elevated buildings during both summer and winter seasons.

A key climatic variable in this context is the solar altitude angle, which differs sig-
nificantly between seasons. To take advantage of this, designers commonly incorporate
architectural elements such as overhangs, awnings, and shutters, which serve to mitigate
overheating in summer and enhance solar heat gain in winter.

Similarly, when designing elevated buildings, the thermal performance of the open
space beneath the structure must also account for seasonal thermal variability. Identi-
fying an optimal height range for these semi-outdoor spaces can substantially improve
outdoor thermal comfort and contribute to reducing building energy consumption year-
round (Figure 8).

Figure 8. The design of the open area beneath the building.

2.5. The Framework of This Study

Figure 9 illustrates the overall research framework, which consists of three main steps:

Figure 9. The framework of this study.
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1. Field Measurements: On-site microclimatic data were collected during two distinct
periods—8–10 July 2020 (summer) and 4–6 January 2021 (winter)—to capture seasonal
variations in thermal conditions.

2. Model Validation: The ENVI-met simulation results were validated against the field
measurements to ensure the reliability and accuracy of the model outputs.

3. Analysis and Conclusions: A detailed analysis of the simulation results was conducted
to derive key findings, identify optimal design parameters, and formulate conclusions
relevant to thermal comfort optimization in elevated open spaces.

3. Analyzed Results

3.1. The ENVI-Met Boundary Conditions

Field measurements collected over six consecutive days—covering both summer and
winter seasons—were used to drive the ENVI-met simulations via the Simple Forcing
option. The initial and boundary conditions applied in the simulations are detailed in
Tables 3–9. These parameters were derived from the on-site field data and supplemented
by meteorological records obtained from local weather stations [52].

Table 3. Initial settings of this study.

Parameters Value

Material properties
(elevated surface) Tile

Roughness length 0.01

Albedo 0.5

Emissivity 0.9

Boundary conditions

Air temperature
Tables 4–9Relative humidity

Turbulent model Kinetic energy (TKE) model

Case-1 (Summer)

Wind speed(m/s) 1.5 m/s
Wind direction (◦) 145

Grid in dx (m) 1
Grid in dy (m) 1
Grid in dz (m) 0.5

Number of x grid 200
Number of y grid 200
Number of z grid 30

Simulation

Starting day 8–10 July 2020
Starting time 0:00 a.m.

Total simulation time 72 h
8 July 24 h
9 July 24 h

10 July 24 h

Boundary conditions

Case-2 (Winter)

Wind speed (m/s) 1.3 m/s
Wind direction (◦) 45

Grid in dx (m) 1
Grid in dy (m) 1
Grid in dz (m) 0.5

Number of x grid 200
Number of y grid 200
Number of z grid 30
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Table 3. Cont.

Parameters Value

Simulation

Starting day 4–6 January 2021

Starting time 0:00 a.m.

Total simulation time 72 h

4 January 24 h
5 January 24 h
6 January 24 h

Table 4. Initial air temperature and relative humidity in simulation (8 July).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. 24.6 67.3 12:00 a.m. 35.4 38.8
1:00 a.m. 24 71 1:00 p.m. 36 37.5
2:00 a.m. 24.5 68.5 2:00 p.m. 36.3 36.1
3:00 a.m. 25.6 63.9 3:00 p.m. 36.9 34.5
4:00 a.m. 26.8 62 4:00 p.m. 36.1 34.9
5:00 a.m. 28.9 59.8 5:00 p.m. 35.2 35.9
6:00 a.m. 29.1 58.7 6:00 p.m. 34.2 38.8
7:00 a.m. 30.2 58.1 7:00 p.m. 32.5 45.6
8:00 a.m. 31 54.8 8:00 p.m. 29.8 48.3
9:00 a.m. 31.6 54.5 9:00 p.m. 27 52.8

10:00 a.m. 33.4 44.9 10:00 p.m. 25.9 61.8
11:00 a.m. 34.6 42.3 11:00 p.m. 25.1 62.5

Table 5. Initial air temperature and relative humidity in simulation (9 July).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. 27 65.1 12:00 a.m. 34.8 39.8
1:00 a.m. 26.3 71.1 1:00 p.m. 35.8 37.6
2:00 a.m. 26.8 68.3 2:00 p.m. 36.5 36
3:00 a.m. 27.6 66.5 3:00 p.m. 36.9 35.5
4:00 a.m. 27.9 62.1 4:00 p.m. 36.6 36.2
5:00 a.m. 28.3 59.5 5:00 p.m. 36.1 38.1
6:00 a.m. 28.9 58.1 6:00 p.m. 35.3 39.1
7:00 a.m. 29.4 56.3 7:00 p.m. 34.1 40.5
8:00 a.m. 29.9 55.1 8:00 p.m. 32.3 42.1
9:00 a.m. 30.6 53.2 9:00 p.m. 30.8 48.6

10:00 a.m. 33.3 44.9 10:00 p.m. 28.9 55.1
11:00 a.m. 33.8 40.9 11:00 p.m. 27.8 61.2
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Table 6. Initial air temperature and relative humidity in simulation (10 July).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. 24.1 72.2 12:00 a.m. 29.9 61.2
1:00 a.m. 23.2 75.1 1:00 p.m. 30.1 58.9
2:00 a.m. 24.2 73.1 2:00 p.m. 31.2 58
3:00 a.m. 24.9 71.5 3:00 p.m. 32 57
4:00 a.m. 25.6 69.9 4:00 p.m. 31 57.9
5:00 a.m. 26.9 68.1 5:00 p.m. 30.5 58.9
6:00 a.m. 27.1 67 6:00 p.m. 30 59.3
7:00 a.m. 27.8 66.1 7:00 p.m. 28.5 60.2
8:00 a.m. 28.3 65.1 8:00 p.m. 27.1 63.1
9:00 a.m. 28.6 64.8 9:00 p.m. 26.5 65.6

10:00 a.m. 28.9 63.9 10:00 p.m. 25.4 67.8
11:00 a.m. 29 62.7 11:00 p.m. 24.8 69.1

Table 7. Initial air temperature and relative humidity in simulation (4 January).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. −2.1 51.2 12:00 a.m. 2.91 44.08
1:00 a.m. −2.5 53.1 1:00 p.m. 3.70 42.96
2:00 a.m. −1.9 50.8 2:00 p.m. 3.99 44.12
3:00 a.m. −1.5 49.7 3:00 p.m. 4.40 44.43
4:00 a.m. −1.1 49.6 4:00 p.m. 5.16 42.96
5:00 a.m. −0.63 49.1 5:00 p.m. 4.32 44.31
6:00 a.m. 0.16 48.8 6:00 p.m. 3.27 47.41
7:00 a.m. 0.95 48.5 7:00 p.m. 2.51 48.1
8:00 a.m. 1.23 48.4 8:00 p.m. 1.68 48.93
9:00 a.m. 1.77 47.99 9:00 p.m. 0.91 49.21

10:00 a.m. 1.88 47.94 10:00 p.m. −0.85 49.6
11:00 a.m. 2.32 44.83 11:00 p.m. −1.63 49.9

Table 8. Initial air temperature and relative humidity in simulation (5 January).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. −3.9 39.5 12:00 a.m. 5.52 26.92
1:00 a.m. −4.5 39.9 1:00 p.m. 5.52 26.47
2:00 a.m. −3.5 39.1 2:00 p.m. 6.41 26.36
3:00 a.m. −2.6 38.8 3:00 p.m. 6.40 26.89
4:00 a.m. −1.7 38.5 4:00 p.m. 6.43 26.49
5:00 a.m. −0.86 38 5:00 p.m. 6.87 29.36
6:00 a.m. 0.35 36.1 6:00 p.m. 5.31 31.36
7:00 a.m. 1.15 33.5 7:00 p.m. 3.85 33.2
8:00 a.m. 2.35 31.5 8:00 p.m. 2.56 34.8
9:00 a.m. 3.47 30.17 9:00 p.m. 1.68 36.12

10:00 a.m. 3.32 29.76 10:00 p.m. 0.98 36.85
11:00 a.m. 4.53 27.88 11:00 p.m. −1.12 38.5
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Table 9. Initial air temperature and relative humidity in simulation (6 January).

Time
Air Temperature

(◦C)
Relative

Humidity (%)
Time

Air Temperature
(◦C)

Relative
Humidity (%)

0:00 a.m. −8.3 32.1 12:00 a.m. 0.91 24.1
1:00 a.m. −9.3 33.5 1:00 p.m. 0.95 23.9
2:00 a.m. −7.1 30.4 2:00 p.m. 1.10 23.1
3:00 a.m. −5.1 29.7 3:00 p.m. 1.48 22.8
4:00 a.m. −4.2 29 4:00 p.m. 1.25 21.5
5:00 a.m. −3.5 28.15 5:00 p.m. 0.69 21.4
6:00 a.m. −2.4 25.3 6:00 p.m. 0.30 21.63
7:00 a.m. −0.8 25.1 7:00 p.m. −1.36 26.5
8:00 a.m. 0.1 24.9 8:00 p.m. −3.51 27.85
9:00 a.m. 0.80 24.34 9:00 p.m. −4.15 28.91
10:00 a.m. 0.85 25.40 10:00 p.m. −5.89 29.9
11:00 a.m. 0.80 22.79 11:00 p.m. −7.1 30.5

3.2. The Validation Between the Measured and Simulated Data

The accuracy of the simulation was assessed using a set of statistical metrics com-
monly applied in outdoor thermal environment studies. Specifically, we evaluated the
model performance using Root Mean Square Error (RMSE), Systematic Root Mean Square
Error (RMSEs), Unsystematic Root Mean Square Error (RMSEu), and the coefficient of
determination (R2). These metrics were calculated at a representative point located beneath
the elevated building. To ensure the reliability of the simulation results, the following
criteria are generally recommended: RMSE and RMSEs should approach 0, RMSEu should
approximate RMSE, and R2 should be close to 1 [59]. These indicators provide a robust
basis for evaluating the model’s predictive capability. As discussed earlier, thermal indices
have become widely adopted for predicting outdoor human thermal comfort. Among
them, Mean Radiant Temperature (MRT)—also denoted as TMRT—plays a crucial role.
MRT is defined as the uniform temperature of an imaginary enclosure in which the radiant
heat exchange between a human body and the surrounding surfaces is equivalent to that
in a real, non-uniform environment. The calculation of MRT follows the methodology
specified in ISO 7726 [60].

TMRT = [(Tg + 273)4 +
1.10 × Va × 108

ε× D0.4 (Tg − Ta)]

1
4

− 273 (1)

where Tg is the globe temperature (◦C), Ta is the air temperature (◦C), Va is the wind
speed (m/s) at the selected point, D is the globe diameter (0.05 m in this study), and ε is
the emissivity of the globe (0.95 for a black globe).

The PET index in ENVI-met is calculated based on several key variables, including
Ta, Rh, Va, and TMRT. Therefore, validating the accuracy of these simulated parameters
is a critical step in ensuring the reliability of the PET output. Figure 10 and Table 10
present the comparison between measured and simulated data for the summer period. The
simulation of Ta demonstrated high precision across all measured days, with an average
R2 of 0.9008 and a RMSE of 1.22 ◦C. Similarly, Rh and TMRT showed strong agreement
with measured values, with R2 values of 0.8573 and 0.8653, and RMSE values of 6.86% and
3.12 ◦C, respectively—indicating consistent model performance.
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Figure 10. The R2 of the measured and simulated data of the elevated point in summer (a) Ta, (b) Rh,
(c) Va, and (d) TMRT.

Table 10. The quantitative evaluation of the ENVI-met performance on the evaluation of summer in
RMSE, RMSEu, and RMSEs.

Parameter RMSE RMSEu RMSEs

Ta 1.22 ◦C 1.98 ◦C 1.03 ◦C
Rh 6.86% 7.02% 4.85%
Va 0.11 m/s 0.08 m/s 0.065 m/s

TMRT 3.12 ◦C 3.26 ◦C 1.89 ◦C

Although the simulation accuracy for Va was relatively lower than for other param-
eters, the model still provided a reliable estimation of wind conditions, consistent with
previous validation results [16].

For the simulated microclimate in winter (Figure 11, Table 11), the validation results
show a similarly high level of accuracy as observed in the summer. The R2 values for Ta,
Rh, Va, and TMRT were 0.814, 0.819, 0.6754, and 0.9633, respectively. Correspondingly,
the RMSE values were 1.22 ◦C, 6.86%, 0.11 m/s, and 3.12 ◦C, respectively. These results
confirm that the simulation model performs reliably in winter conditions, particularly for
Ta and TMRT, while Va exhibits slightly lower predictive accuracy.
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Figure 11. The R2 of the measured and simulated data of the elevated point in winter (a) Ta, (b) Rh,
(c) Va, and (d) TMRT.

Table 11. The quantitative evaluation of the ENVI-met performance on the evaluation of winter in
RMSE, RMSEu, and RMSEs.

Parameter RMSE RMSEu RMSEs

Ta 0.88 ◦C 1.21 ◦C 0.69 ◦C
Rh 7.65% 8.3% 6.59%
Va 0.19 m/s 0.13 m/s 0.11 m/s

TMRT 1.91 ◦C 2.09 ◦C 1.96 ◦C

These findings confirm the model’s applicability in supporting climate-responsive
design strategies for elevated structures in cold climate urban environments.

3.3. The PET Values of the Existing Scenario

As previously discussed, the thermal comfort index PET has become widely adopted
for evaluating outdoor thermal environments. A prior study [61] (Table 12) established
a PET-based thermal perception scale specifically tailored for the cold climate zone of
northern China. This 9-point classification system includes the categories: Very Cold, Cold,
Cool, Slightly Cool, Neutral, Slightly Warm, Warm, Hot, and Very Hot, each corresponding
to a specific PET range. This scale is employed in the present study to assess outdoor
thermal comfort conditions beneath elevated buildings.
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Table 12. The PET values in the cold climate zone of northern China [61].

Thermal Stress Thermal Sensation PET (◦C)

Extreme cold stress Very Cold <−4
Strong cold stress Cold −4~8

Moderate cold stress Cool 8~16
Slightly cold stress Slightly Cool 16~22
No thermal stress Neutral 22~28
Slight heat stress Slightly Warm 28~32

Moderate heat stress Warm 32~38
Strong heat stress Hot 38~44

Extreme heat stress Very Hot >44

In ENVI-met, the default summer settings define sunrise at 6:00 a.m. and sunset at
7:00 p.m. The simulated PET distribution for the summer scenario is presented in Figure 12.
As shown, all three curves exhibit similar trends, with PET values increasing after sunrise
and peaking around 2:00 p.m., followed by a gradual decline. During the core observation
period from 9:00 a.m. to 6:00 p.m., the site consistently falls within the ‘Hot’ to ‘Very Hot’
PET categories, indicating significant thermal stress throughout most of the daytime period.
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Figure 12. The PET values of the researched site in summer.

Figure 13 illustrates the variation of PET during the winter season. Throughout
the daytime period, the entire site predominantly remains within the ‘Cool’ category,
indicating moderate thermal discomfort. In contrast, during nighttime hours, PET values
drop significantly, falling into the ‘Cold’ and ‘Very Cold’ categories, reflecting the harsh
thermal conditions characteristic of winter nights in cold climate zones.
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Figure 13. The PET values of the researched site in winter.

4. Discussion

As summarized in the preceding sections, further discussion is warranted regarding
the thermal comfort characteristics of the semi-open space beneath elevated buildings and
the corresponding design implications. A key structural component in such configura-
tions is the supporting column, which plays a critical role not only in the load-bearing
function but also in shaping the local microclimate. Therefore, the discussion begins
by evaluating the influence of column dimensions and placement on the surrounding
thermal environment.

4.1. The Impact of the Columns on the Surrounding Thermal Environment

Due to the default grid constraints in ENVI-met, the minimum allowable length
and width for model elements is 0.5 m, and all dimensions must be in multiples of this
unit. Based on this limitation, a series of simulation cases was constructed using columns
with varying widths to specifically evaluate their influence on the surrounding thermal
environment, independently of seasonal conditions. In total, five scenarios were modeled,
incorporating column widths of 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 2.5 m. All other parameters
and boundary conditions were held constant, explicitly to isolate the effect of column
dimension alone, rather than assess seasonal differences or variations. The corresponding
simulation results, solely focused on verifying the influence of column size, are presented
in Table 13 and Figure 14.

The results indicate that PET values increase slightly as column width increases;
however, the differences are marginal. Specifically, when the column width increases
from 0.5 m to 2.5 m, the maximum PET difference observed is only 0.6 ◦C. This minimal
variation clearly suggests that column width itself has a negligible impact on the thermal
comfort of the surrounding environment. Therefore, within the design constraints of typical
elevated buildings, column dimension can be considered a secondary factor in thermal
performance optimization.
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Table 13. Simulated PET results under varying column widths.

Column Width PET

0.5 m

1 m

1.5 m

2 m

2.5 m
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Figure 14. PET values simulated under varying column widths.

4.2. The Impact of the Bottom of the Elevated Building on the Surrounding Thermal Environment

Following the analysis of column width, it is also necessary to explore the broader
impact of column-supported elevated structures on the thermal environment beneath
buildings. To this end, two hypothetical cases were developed based on the same base
geometry (Table 14).

Table 14. The different hypothesis cases.

Base Case Case-1 Case-2

Case 1 represents a theoretical scenario in which the first floor is completely removed,
resulting in a fully open ground surface without any overhead structure. Although this
configuration does not occur in real-world architecture, it serves as a comparative reference
to isolate the effect of the elevated structure itself. Case 2 simulates a typical elevated
ground floor supported by columns—reflecting a standard design commonly used in
high-density urban developments.

The simulated PET results for both cases are presented in Table 15. The comparison
provides insights into how the presence of elevated structures and their supporting columns
influences microclimatic conditions and thermal comfort at the pedestrian level.

The simulation results for Case 1 and Case 2 reveal highly similar thermal conditions
in the selected area. Specifically, Ta and PET values in Case 1—where the elevated floor is
entirely absent—are nearly identical to those in Case 2, which features a typical column-
supported elevated design. This finding suggests that the presence of supporting columns
has minimal influence on the local thermal environment and outdoor thermal comfort
beneath elevated buildings. The comparative results are illustrated in Figure 15.
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Table 15. The simulated result of different hypothesis cases.

Case PET

Case-1

Case-2

Figure 15. The Ta and PET values in two different cases.

4.3. The Difference Between the Overall Elevated Design and the Partial Elevated Design

In addition, the elevation ratio—defined as the proportion of the ground floor area that
is elevated—plays an important role in influencing the thermal environment and outdoor
comfort. In this section, four scenarios were modeled with elevation ratios of 20%, 50%,
80%, and 100%, respectively, to examine their impact on microclimatic conditions. Table 16
and Figure 16 present the distributions of Ta and PET across the four cases. The comparison
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helps to reveal how varying degrees of elevation affect thermal performance beneath the
building structure.

The simulation results clearly indicate that increasing the elevation ratio leads to an
amplification of thermally comfortable areas, primarily due to the enhanced shading effect
provided by the elevated structure. As shown in Figure 16, the minimum, average, and
maximum values of Ta and PET exhibit similar trends across the four scenarios.

Among the tested cases, the 40% and 70% elevation ratios result in slightly higher Ta
and PET values compared to the 10% and 100% cases. This can be attributed to reflected
radiation from surrounding building surfaces, which partially offsets the shading benefit.
Nevertheless, the 100% elevation case provides the most consistently comfortable thermal
environment overall, as the continuous shading significantly reduces solar exposure at the
pedestrian level.

Table 16. The simulated result of different hypothesis cases.

Case PET

10%-case

40%-case

70%-case

100%-case
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Figure 16. The Ta and PET values in four different cases.

To further clarify the relationship between the elevation ratio and the surrounding
thermal environment, a numerical correlation was established between the elevation ratio
and the average PET, as illustrated in Figure 17. The analysis reveals that the relationship
follows a second-degree polynomial trend, rather than a simple linear correlation. The
fitted equation for PET is expressed as Equation (2):

PET = −22.5x2 + 24.85x + 22.295 (2)

R2 = 0.9963

 

y = 22.5x2 + 24.85x + 32.295
R² = 0.9963

33

34

35

36

37

38

39

40

0% 20% 40% 60% 80% 100% 120%

PE
T(

)

Ratio of elevated design

Figure 17. The relationship between the Elevated ratio and average PET.

This result suggests that thermal comfort initially deteriorates as the elevation ra-
tio increases. However, when the ratio exceeds approximately 55%, PET values begin
to decrease, indicating an improvement in thermal comfort due to increased and more
continuous shading effects.

4.4. The Estimation of the Optimal Height of the Elevated Building

Given that China is located in the Northern Hemisphere, local architectural design
standards emphasize maximizing natural daylighting within buildings. As a result, east–
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west building orientations are generally preferred. In addition, to accommodate pedestrian
circulation and recreational activities, the minimum required height for open spaces be-
neath elevated buildings is set at no less than 2 m, and the ideal length-to-width ratio is
recommended to be 2:1 [62].

Based on these regulatory considerations, combined with the minimum spatial res-
olution constraint of 0.5 m in ENVI-met modeling, a total of eight simulation scenarios
were developed. These scenarios feature elevated space heights of 2.0 m, 2.5 m, 3.0 m,
3.5 m, 4.0 m, 4.5 m, 5.0 m, 5.5 m, and 6.0 m, respectively. The plan dimensions of the
teaching building were limited to a maximum length of 50 m and a width of 10 m to align
with standard design practice. For each scenario, meteorological data from the hottest day
(9 July 2020) and the coldest day (6 January 2021) were used as initial boundary conditions
for ENVI-met simulations.

To effectively compare the thermal environment across all height configurations, box
plots were used to visualize the distribution of PET values throughout the elevated space.
The summer simulation results reveal a negative correlation between the elevation height
and thermal comfort: as the elevation height increases, PET values rise, indicating a decline
in thermal performance. For instance, the 6.0 m case recorded a peak PET of 40.5 ◦C, while
the 2.0 m case showed a maximum PET of 37.5 ◦C. According to the thermal comfort
classification in Table 12, this range corresponds to a shift in perceived thermal conditions
from the ‘Warm’ to the ‘Hot’ category (Figure 18).

 

Figure 18. PET Distribution Across Different Elevated Heights During Summer.

In contrast, winter simulation results exhibit a similar pattern of PET change with
height but differ in comfort implications. As shown in Figure 19, the 2.0 m case provides
the least comfortable thermal environment in winter, while the 6.0 m case yields the
highest thermal comfort. Based on the comfort classification presented in Table 12, all
cases generally fall within the ‘Cold’ category, but the taller elevated spaces improve solar
penetration and air circulation, enhancing thermal perception.
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Figure 19. PET Distribution Across Different Elevated Heights During Winter.

Earlier studies have shown that elevated building designs can enhance thermal com-
fort during summer by increasing airflow and providing effective shading. As previously
stated, the present study focuses on further investigating the thermal performance of the
entire space beneath elevated buildings, offering data-driven insights to support climate-
responsive architectural design.

Based on the PET classification in Table 12, thermal comfort levels are grouped into
three categories:

• Unsuitable: Very Cold, Cold, Very Hot, Hot
• Fairly Suitable: Cool, Warm
• Suitable: Slightly Cool, Neutral, Slightly Warm

Given the inherent heat in summer, achieving the Neutral comfort stage is unrealistic.
Therefore, this study designates the Slightly Warm and Warm categories as acceptable
levels of outdoor thermal comfort for the summer season.

To identify the optimal elevated height for summer conditions, we applied regression
analysis to the simulation data. As shown in Figure 20, the relationship between elevated
height and average PET in summer follows a linear trend, expressed as:

PET = 2.0033x + 29.387 (3)

R2 = 0.9884

 

y = 2.0033x + 29.387
R² = 0.9884
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Figure 20. Relationship Between Elevated Height and Average PET in Summer Conditions.
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With a coefficient of determination R2 = 0.9884, indicating a highly significant correla-
tion. Based on this equation and the PET thresholds defined in Table 12, the ideal elevation
height for achieving acceptable summer thermal comfort falls between −0.73 m and 4.3 m.
However, considering practical construction constraints and regulatory guidelines [62], the
feasible and recommended elevation height range is 2.0 m to 4.3 m.

A similar method was applied to evaluate thermal comfort during winter. For this
season, Slightly Cool and Cool are considered acceptable comfort levels. The corresponding
regression equation, depicted in Figure 21, is:

PET = 4.998x − 10.045 (4)

R2 = 0.87

Figure 21. Relationship Between Elevated Height and Average PET in Winter.

The corresponding regression depicted in Figure 21 has a coefficient of determination
R2 = 0.87, also indicating a meaningful fit. According to this model, the optimal elevated
height for winter lies between 3.6 m and 6.4 m.

By comparing the results from both summer and winter simulations, it becomes clear
that achieving thermal balance in elevated open spaces requires careful calibration. In
the cold climate zone of Northern China—where mitigating heat stress in summer and
retaining warmth in winter are both essential—the recommended optimal year-round
elevation height falls within the range of 3.6 m to 4.3 m.

It is valuable to contextualize the PET results obtained in this study by comparing
them with similar investigations from other cold-climate regions in China. Recent research
conducted in Harbin and Beijing has reported typical PET comfort thresholds ranging be-
tween 18–23 ◦C for summer and around 4–8 ◦C for winter [63]. These regional benchmarks
align closely with the optimal ranges identified by our findings.

Furthermore, considering that Xi’an is geographically situated near the boundary be-
tween the “Cold” and “Hot summer–Cold winter” climate zones according to the Chinese
national climate classification (GB 50176-2016) [39], this location inherently introduces a
complexity that may affect the generalizability of the results. To address this complexity
explicitly, we have further compared our outcomes with recent studies conducted in cities
explicitly characterized by the “Hot summer–Cold winter” climate zone, such as Wuhan
and Nanjing. These comparisons reveal that our recommended optimal elevated heights
and spatial design thresholds are consistent with the findings from these mixed climate
cities. This consistency is particularly evident regarding the architectural challenge of
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balancing shading effectiveness during hot summers with solar access in cold winters, rein-
forcing the robustness and practical relevance of our proposed design recommendations.

Moreover, previous studies specifically focusing on elevated or semi-open spaces
beneath buildings in similar climatic conditions have demonstrated that these architectural
configurations typically improve outdoor thermal comfort by approximately 5–10 ◦C
compared to fully exposed outdoor spaces [64]. Such findings further substantiate and
reinforce our conclusion that properly designed elevated building spaces can significantly
enhance pedestrian comfort in regions experiencing distinct seasonal extremes.

Integrating these insights with national building design standards and modular di-
mension guidelines, our study refines the proposed optimal elevation thresholds to 3.6 m,
3.9 m, and 4.2 m. These recommended values constitute a balanced solution that simulta-
neously meets thermal efficiency requirements and practical feasibility constraints, thus
providing valuable and directly applicable guidelines for the climate-adaptive design of
elevated buildings in regions characterized by transitional or mixed climatic conditions.

5. Conclusions

This study systematically evaluated the microclimatic performance of elevated ground-
floor semi-open spaces beneath buildings in the cold climate zone of Northern China, using
field-validated ENVI-met simulations. Based on comprehensive quantitative analyses, the
following clear conclusions and practical implications were derived:

(1) Structural dimensions and thermal comfort implications:
Our results indicated that variations in supporting column widths (ranging from 0.5 m

to 2.5 m) had minimal impact on surrounding thermal conditions, with PET differences re-
maining within a negligible range (maximum of 0.6 ◦C). This finding implies that architects
and structural engineers have substantial flexibility in selecting column dimensions, allow-
ing decisions to prioritize structural requirements, aesthetic considerations, or functional
needs over minor thermal comfort influences.

(2) Optimal elevated ratio for thermal comfort:
For buildings oriented in an east–west configuration—typical in Northern China for

daylight optimization—the relationship between elevation ratio and thermal comfort (PET)
was found to be nonlinear, following a clear parabolic trend. Specifically, PET initially
increased (indicating reduced comfort) as elevation ratios increased, reaching a peak dis-
comfort of around 55%. Beyond this critical threshold, further increases in elevation ratio
significantly improved thermal comfort due to enhanced shading effectiveness. These
findings offer valuable guidance for architectural and urban planning practice, recommend-
ing higher elevation ratios (≥55%) to effectively enhance outdoor pedestrian comfort in
urban environments.

(3) Recommended year-round elevated height:
Our analysis demonstrated that optimal elevation heights varied seasonally, with an

ideal range of 2.0 m to 4.3 m for summer thermal comfort and 3.6 m to 6.4 m for winter
comfort. Considering both seasonal extremes together, the recommended year-round
elevation height range is 3.6 m to 4.3 m. Moreover, consistent with modular construction
principles and national building design standards, specific elevation heights of 3.6 m,
3.9 m, and 4.2 m were identified as particularly advantageous, balancing thermal efficiency,
construction practicality, and regulatory compliance. These clear and actionable design
thresholds can be directly applied by practitioners aiming to optimize thermal comfort in
architectural and urban projects.

Overall, this study contributes meaningful evidence-based recommendations for
climate-responsive design practice. Although conducted specifically in Xi’an, the method-
ological framework and validated findings possess considerable potential for broader
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application across similar cold-climate urban settings. Future research is encouraged to
expand these analyses into other urban locations, climate contexts, and additional seasons
(spring and autumn), further enhancing the robustness, relevance, and global applicability
of our findings.

6. Limitations and Outlook

This study has provided a detailed evaluation of the microclimatic performance of
elevated semi-open spaces beneath buildings in Xi’an using traditional statistical methods
and ENVI-met simulations. Despite the valuable insights gained, several limitations
should be explicitly acknowledged. Firstly, the current analysis was conducted at a single
urban location, limiting the generalizability of our conclusions. Secondly, the assessment
focused exclusively on two seasonal extremes (summer and winter), excluding transitional
seasons (spring and autumn), which could offer additional meaningful insights into thermal
comfort dynamics.

Additionally, the methodological approach employed in this study primarily relies on
conventional statistical methods, which, although robust and widely accepted, have yet
to fully incorporate the advantages of emerging technologies. With rapid developments
in artificial intelligence (AI) and advanced computational frameworks, there are signif-
icant opportunities to enhance the precision, scalability, and automation capabilities of
environmental modeling in urban design research.

In future research, we propose expanding our analytical scope to multiple urban
locations and comprehensive seasonal assessments across diverse climatic zones, thus
improving the robustness and broad applicability of the findings. Moreover, we plan to
integrate AI-driven approaches by establishing cross-platform linkages between Python
3.12.6 and ENVI-met 5.0. This innovative integration will allow advanced computational
analyses, automated optimization, and adaptive scenario simulations of thermal perfor-
mance in semi-open outdoor spaces. Ultimately, these future methodological enhance-
ments will facilitate more intelligent, efficient, and scalable strategies for climate-responsive
architectural design.
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Abstract: Resettlement communities in Qinghai are located in cold, high-altitude regions
with dry climates and strong solar radiation. Although not extremely cold, the moderate
heating demand aligns well with high solar availability, making passive design highly
effective for reducing energy use. This study investigates solar-optimized spatial configu-
rations that enhance passive energy performance while addressing functional settlement
needs. Through parametric modeling and climate-responsive simulations, four key spatial
parameters are examined: building spacing, courtyard depth, density, and volumetric
ratio. The findings highlight the dominant role of front–rear spacing in solar access, with
optimal values at 3–4 m for single-story and 5–10 m for two-story buildings, balancing
radiation gain and land use efficiency. Courtyard depths under 2.7 m significantly limit
south façade exposure due to shading from the opposite courtyard wall under low-angle
winter sun. This reduction results in the south façade attaining only 55.7–79.6% of the solar
radiation acquisition by an unobstructed south façade (the baseline). Meanwhile, clus-
tered orientations reduce inter-building shading losses by 38–42% compared to dispersed
layouts. A three-tiered design framework is proposed: (1) macro-scale solar orientation
zoning, (2) meso-scale spacing tailored to building height, and (3) micro-scale courtyard
modulation for low-angle winter radiation. Together, these strategies provide practical,
scalable guidelines for energy-efficient, climate-responsive settlement design in the alpine
regions of Qinghai.

Keywords: alpine resettlement communities; building layout optimization; passive energy
efficiency; solar energy utilization; spatial configuration

1. Introduction

1.1. Background

As pivotal hubs for hydropower development in China, Qinghai hosts a significant
number of resettlement communities for hydropower project migrants. These projects must
pursue sustainable pathways within fragile, high-altitude arid ecosystems [1]. The region
exhibits a distinctive “high solar radiation–moderate-to-low heating energy consumption
(HEC)” profile: The combination of intense solar exposure and drastic diurnal/seasonal
temperature fluctuations creates exceptional potential for passive solar design—abundant
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solar resources align well with relatively modest heating demands in timing and intensity.
Nevertheless, winters impose substantial heating loads, posing critical challenges for
settlement planning.

While significant progress has been made in building energy efficiency research for
cold high-altitude regions, a scale-related limitation persists, as existing studies predomi-
nantly concentrate on optimizing materials, building envelopes, and active technologies at
the individual building level. Research on how community-scale spatial configurations
systematically influence solar radiation acquisition and HEC remains underexplored. This
gap similarly exists in the standardized planning protocols for resettlement communities,
which often fail to adequately incorporate site-specific solar accessibility analysis and its
spatial variation across building clusters, leading to suboptimal daylight utilization.

Spatial morphological parameters constitute fundamental variables governing solar
radiation acquisition. They directly determine effective solar irradiance on building sur-
faces, shadowing effects, passive heat gain potential, and heat loss rates, thereby critically
impacting HEC and overall energy performance. Despite recognition of their importance,
the specific quantitative mechanisms through which village-scale spatial morphology regu-
lates the complete “solar gain–heat loss” chain and ultimately governs community-level
HEC require systematic investigation and quantification.

Consequently, this study focuses on hydropower resettlement communities and simi-
lar alpine villages in Qinghai. It aims to elucidate the integrated regulatory mechanisms
by which village spatial form parameters affect solar radiation acquisition efficiency and
heat loss. By exploring optimized spatial arrangements, the research pursues the dual
goals of enhancing solar gain and reducing heat loss. The findings provide evidence-based
design guidelines and technical support for developing energy-efficient settlements in
high-altitude cold regions.

1.2. Literature Review

The interplay between urban morphology and solar radiation accessibility has gar-
nered significant scholarly attention in recent years. Liu et al. [2] systematically reviewed
258 studies (2011–2022) to evaluate 111 urban form indicators, revealing that building
density (BD) (total building footprint area/site area) and floor area ratio (FAR) (total floor
area/site area) exhibit negative correlations with solar radiation acquisition, whereas build-
ing height and window-to-wall ratio demonstrate positive associations. Their analysis
emphasized boundary condition dependencies and identified substitutive relationships
among specific morphological metrics, providing a theoretical foundation for future ur-
ban energy modeling. Addressing latitude-specific challenges, Xiao et al. [3] developed a
predictive model integrating building morphology parameters with latitude cosine values,
achieving high accuracy in estimating residential block solar radiation (adjusted R2: 0.931
for roofs, 0.962 for façades), thereby offering a versatile tool for multi-climate applications.

Manni et al. [4] developed a solar potential mapping framework tailored for high-
latitude winter conditions with low irradiance in Trondheim, Norway, by integrating
LiDAR-derived 3D models with radiation simulations. Freitas et al. [5] systematically
analyzed the impact mechanisms of vertical expansion and dynamic shading effects on
solar potential assessment, revealing methodological trade-offs inherent in relevant digital
tools. Gan et al. [6] employed a simulation-based genetic algorithm to optimize Hong Kong
high-rise residential layouts, achieving 30–40% reductions in air conditioning and lighting
energy by maximizing natural ventilation and daylight.

He et al. [7] simulated 384 Hong Kong cases, showing that building height hetero-
geneity reduces net carbon emissions by minimizing shading, while shape heterogeneity
(footprint aspect ratio/surface-to-volume ratio) increases energy penalties despite enhanced
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facade solar gains. Dino et al. [8] developed the multi-objective tool MADE. It uses a two-
step genetic algorithm—first resolving spatial layout constraints, then co-optimizing energy
and daylighting—to generate Pareto-optimal building designs, validated via a library case
study. Hachem-Vermette et al. [9] found that in their Calgary prototypes, optimized orien-
tations resulted in less than 3% solar access variation across layouts. However, hexagonal
networks outperformed rectangular configurations on resilience metrics. Asfour et al. [10]
confirmed that horizontally compact layouts in tropical regions achieve 28% greater energy
savings compared to vertical forms. Kosir et al. [11] analyzed seven typical Slovenian
urban layouts, revealing that solar potential constraints are less severe than expected, with
building form/orientation posing the primary challenge.

Deng et al. [12] verified in Harbin that courtyard layouts optimized for spacing and
orientation can yield 4~5% energy savings. Xu et al. [13] proposed an evaluation workflow
for Wuhan office blocks. It revealed that combined morphological parameters significantly
impact energy use intensity (cooling: 28.83%, heating: 28.56%, lighting: 23.23%), identifying
building shape factor and FAR as dominant factors. Ahmed et al. [14] utilized building
performance simulation to drive a 51.3% energy reduction target for Saudi residential
buildings. Yan et al. [15] proposed using solar radiation intensity as a quantitative shading
indicator in hot summer/cold winter zones. Optimizing residential cluster layouts achieved
4.39% cooling and 4.03% HEC reductions at the cluster scale. Narimani Abar et al. [16]
identified 10 urban morphological variables influencing residential energy consumption.
Their predictive model (~80% accuracy) resolved controversies regarding density’s impact:
density correlates negatively with energy use in cold climates but potentially positively
in temperate zones, contingent upon climate, energy type, and research methodology.
A GIS-based urban-scale building energy modeling tool that automates building stock
performance assessment, defines energy efficiency measures, introduces an urban building
energy rating, and was validated on 769 Italian residential buildings was presented by
de Rubeis et al. [17]. Du et al. [18] developed a computational method for optimizing
office building space layouts to enhance energy efficiency, identifying the facade-to-FAR
as the most influential design indicator; their layout optimization demonstrates potential
reductions of up to 54% in lighting, heating, and cooling demands. Zhu et al. [19] investi-
gated the dual impact of urban morphology on building energy consumption and outdoor
thermal comfort (UTCI) in hot–humid climates. Simulations of six block layouts reveal
that parameters like FAR and plan dimensions universally influence performance, while
surface-to-volume ratio (S/V) and sky view factor (SVF) exhibit sensitivities dependent on
specific layout configurations.

Hadavi et al. [20] demonstrated, in their Tehran-based study, that reduced urban
compactness lowers urban heat island (UHI) intensity and saves 16.4% energy through
thermal wake evacuation, while rooftop units experience overheating due to 50K surface-
window temperature gaps. Wu et al. [21] quantified the dual impact of urban morphology
on building energy consumption and renewable energy potential at the neighborhood
scale in Beijing. They revealed the interplay between the UHI effect (reducing heating
energy by 15.8% but increasing cooling energy by 30%) and building shading effects
(increasing heating energy by 11.88% but decreasing cooling energy by 5.87%), providing
morphological parameters for precise renewable energy allocation.

Hong et al. [22], through numerical simulations, show that building layouts with long
facades parallel to prevailing winds accelerate horizontal vortices, improving pedestrian-
level thermal comfort. Furthermore, configurations featuring central squares oriented
towards the wind direction, combined with strategic tree placement, optimize the microcli-
mate by reducing standard effective temperature (SET) values. Yan et al. [23] addressed the
severe 6.5% annual increase in building energy consumption in hot summer/cold winter
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zones. By quantifying the impact of residential cluster layouts on energy and carbon emis-
sions using an effective shading coefficient, they revealed optimization paths; staggered
layouts reduce cooling energy by 7.17%, and enclosed layouts reduce heating energy by
4.06%, offering key emission reduction strategies for high-growth regions.

Lu et al. [24] identified three high-rise residential layout patterns in Northeast China
via SPSS (SPSS version 29) multivariate response analysis. Combined with Ecotect radiation
simulations, they revealed that three-sided enclosed layouts offer optimal solar potential,
with specific nonlinear relationships between FAR, BD, height, and radiation, providing
quantitative guidelines for high-density solar optimization.

Singh et al. [25] proposed a three-step workflow for community-scale net-zero en-
ergy retrofits in Canada; envelope upgrades can reduce energy use by 60%. The optimal
combination of solar strategies is highly dependent on community type and street layout,
providing a systematic decision-making tool for climate-adaptive community planning.
Sosa et al. [26] addressed social housing communities in arid regions. Microclimate sim-
ulations revealed that optimizing street layout/orientation combined with street trees
+ high-albedo materials can reduce summer cooling energy consumption by over 21%,
providing a thermal environment regulation paradigm for high-temperature urban com-
munities. Huo et al. [27] utilized remote sensing and mesoscale modeling to track Xi’an’s
urban structure, finding that its evolution towards taller, less dense buildings correlated
with reduced heat stress.

1.3. Research Gap and Contribution

While robust linkages between urban morphology, energy efficiency, and solar po-
tential are established across diverse climates, high-altitude resettlement communities—
characterized by prevailing single-/double-story dwellings—remain under-investigated.
Critical unmet needs include: (1) layout optimization for dominant low-rise typologies,
(2) collective shading dynamics in clustered developments, (3) cold-climate solar strategies
for courtyards and walls, and (4) integrated frameworks balancing solar gain with land-use
efficiency.

Theoretically, this study advances bioclimatic design theory through quantification of
cluster morphology impacts on solar radiation acquisition and HEC in alpine settlements.
Mechanistic insights into building energy flow modulation by collective shading are re-
vealed via integration of radiative heat transfer dynamics with spatial parameter analysis,
extending climate-responsive principles to address spatial energy interdependencies in
vulnerable resettlement contexts.

Practically, transferable protocols are developed, including cluster-scale spatial stan-
dards enabling low-carbon settlement design and passive heating strategies tailored to cold
regions. Evidence-based tools are thereby yielded that harmonize energy efficiency with
ecological preservation in high-altitude development.

1.4. Research Purpose

The dual dimensions of building cluster spatial morphology—exterior surface solar
radiation acquisition and building HEC—are investigated in hydropower resettlement com-
munities across cold high-altitude regions. Critical morphological parameters (orientation,
density, courtyard design) are quantitatively analyzed to develop climate-responsive strate-
gies that concurrently maximize passive solar radiation acquisition and minimize HEC.
Significant reductions in HEC are targeted through this integrated framework, while ther-
mal comfort improvements are enhanced. Actionable guidelines for sustainable settlement
planning in high-altitude and cold environments are thereby formulated.
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2. Methodology

2.1. Research Path and Method

A combined methodology of parametric simulation and quantitative trend analysis is
employed to systematically examine the coupling mechanisms between spatial morphology,
exterior surface solar radiation acquisition, and building HEC in resettlement communities
across Qinghai. Georeferenced 3D parametric models are developed in Rhino 8 using
field-surveyed data, with core morphological variables—building spacing, orientation,
courtyard configuration, and density—explicitly defined. Plateau-specific meteorological
data are integrated to drive simulations.

Climate-responsive workflows are implemented through Ladybug Tools 1.8.0 cou-
pled with EnergyPlus 25.1.0. Exterior surface solar radiation acquisition and HEC are
quantified across morphological scenarios. The controlled variable method is applied
to analyze impact trends of individual parameters. Characteristic features of parameter-
performance curves (e.g., growth inflection points, fluctuation thresholds) and performance
variation magnitudes are observed to determine directional influences and effect intensities
of morphological elements. Spatial design guidelines prioritizing key interventions are
subsequently distilled for enhanced solar radiation acquisition.

This integrated modeling-simulation-trend analysis framework establishes explicit cor-
relations between cold-region settlement morphology and energy performance, providing
theoretical foundations for high-altitude habitat planning.

2.2. Variable Identification

The methodology systematically defines morphological drivers and energy response
indicators to precisely examine spatial energy interactions. Four core layout parameters
are established as independent variables: building spacing (front–rear and side distances,
simulated range: 0 m–20 m), courtyard depth (radiative accessibility, simulated range:
0.9 m–6 m), BD (footprint ratio, controlled by building spacing), and FAR (spatial compact-
ness, controlled by building spacing and number of stories). Dependent variables quantify
radiation performance (annual cumulative surface irradiation) and thermal demand (heat-
ing load intensity). Building height, orientation, and simplified rectangular morphology
are standardized as fixed parameters, while meteorological inputs are anchored to the
calibrated EnergyPlus Weather Data for Xining, Qinghai (https://energyplus.net/weather,
(accessed on 5 May 2025)). This controlled parameter system enables precise analysis of
morphology–energy pathways in alpine environments.

2.3. Sample and Data Sources

An idealized prototype model is developed based on typical resettlement patterns,
with real-world complexity abstracted into parametric spatial grids. Critically, this method-
ological approach aligns with the standard [28], wherein prescribed regional heating
energy limits are derived from identical idealized simulations, confirming the validity
of our abstraction framework. Orthogonal building volumes with uniform height and
north–south orientation eliminate geometric interference, while thermal parameters are
rigorously set according to standard [28,29]. The computational workflow is fully au-
tomated within the Rhinoceros-Grasshopper environment through embedded physics
engines (Ladybug/Honeybee), eliminating manual formula implementation, as follows:

1. Solar flux mapping: Hourly irradiation simulations generate surface radiation heat
flux profiles.

2. Thermal load calculation: Steady-state heat transfer models quantify envelope heat
loss.
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3. Performance benchmarking: Energy efficiency differentials are assessed against base-
line scenarios.

This abstraction strategy focuses on spatial parameter interactions to enhance ana-
lytical resolution, generating transferable planning principles for cold arid settlements.
Modular technical architecture maintains computational feasibility while enabling seamless
scalability to practical resettlement projects.

3. Results and Discussion

3.1. Climatic Context

Qinghai demonstrates a stark bioclimatic duality defined by the coexistence of intense
solar radiation and prolonged high-altitude cold arid conditions. Marked seasonal tem-
perature extremes prevail, featuring extended sub-zero winters contrasting with dramatic
daily summer temperature fluctuations in southern regions. Chronically low humidity
significantly intensifies radiative cooling effects throughout the province.

This paradox necessitates dual energy strategies: severe heating demands are coun-
terbalanced by exceptional solar abundance, positioning passive solar optimization as
critical for sustainable settlements. Altitude-modulated climates impose non-negotiable
design imperatives—maximization of radiative heat gain during extended winters must
be systematically reconciled with mitigation of seasonal overheating risks. Such contra-
dictory requirements fundamentally redefine spatial planning protocols for resettlement
communities across energy-critical high-altitude zones.

3.2. Validation Protocol

Validation benchmarks were established using a simplified rectangular prototype
(Figure 1) calibrated to Qinghai’s construction standards. The 2:1 plan ratio reflects preva-
lent geometries in surveyed settlements, and the absence of north fenestration is inherent
to the single-room abstraction where south-oriented windows suffice for daylighting. Win-
dow thermal parameters were optimized through U-value/SHGC adjustments for alpine
radiative balance. Simulated heating loads aligned with standards [28,29] within 2% error,
confirming model fidelity in altitude-specific heat transfer analysis.

 
Figure 1. Verification model.

3.3. Impacts of Building Spacing on Solar Radiation Acquisition and Heating Energy Consumption

This study evaluates shading effects by comparing radiation values of obstructed
configurations against an unobstructed baseline (Figures 2 and 3). Simulations reveal a
nonlinear inverse correlation between building spacing and radiation loss, where shading
impact becomes negligible once spacing exceeds a critical threshold. North–south building
rows require larger spacing than east–west orientations to mitigate shading.
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Left–right arrangement Front–back arrangement 

(a) Single story 

   
  

Left–right arrangement Front–back arrangement 
(b) Double story 

  
  

Left–right arrangement Front–back arrangement 
(c) Single + double story 

Figure 2. Solar radiation and HEC model of building arrangement.

 

 

Left–right arrangement Front–back arrangement 
(a) The relationship between building spacing and solar radiation acquisition. 
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(b) The relationship between building spacing and HEC 
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Figure 3. The influence of building spacing on solar radiation acquisition and building HEC.
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Thermal analysis demonstrates that terraced layouts reduce heating demand by
18% (single-layer), 24% (double-layer), and 15% (mixed-layer) compared to detached
layouts through minimized external surface exposure (Figure 3), confirming their effi-
cacy in balancing energy efficiency and solar utilization. Front–back spacing optimiza-
tion shows diminishing thermal returns beyond 5 m (uniform height units) and 10 m
(hybrid configurations)—thresholds consistent with observed radiation equilibria (Table 1).

Table 1. Critical building spacing at curve leveling-off point of solar radiation reduction rate under
different boundary conditions.

Condition
Critical Building Pacing at

Leveling-Off Point

Single story, left–right arrangement 5 m
Single story, front–back arrangement 5 m
Double story, left–right arrangement 5 m

Double story, front–back arrangement 10 m
Single + double story, left–right (left high) 5 m
Single + double story, left–right (left low) 5 m

Single + double story, front–back (front high,
back low) 10 m

Single story, left–right arrangement 5 m

3.4. Impacts of Building Orientation on Solar Radiation Acquisition and Heating
Energy Consumption

A significant directional effect was revealed through the establishment of rotational
scenarios for both individual buildings and building clusters (Figure 4). At the individual
building scale, maximum solar radiation acquisition was achieved at a 10◦ west-of-south
orientation, whereas the minimum HEC was observed at 60◦ east-of-south. A 5% differen-
tial in HEC was recorded between these orientations during the heating season, indicating
that angular deviation from the 10◦ west-of-south orientation should be minimized.

Figure 4. The impact of building orientation changes on the solar radiation acquisition by the
building’s exterior surfaces.

For building clusters, due south alignment was found to maximize mutual shading re-
duction, establishing it as the optimal village layout pattern. By contrast, a 50◦ east-of-south
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cluster orientation resulted in approximately 5% higher energy loads. This discrepancy
necessitates differentiated design strategies: the 10◦ west-of-south orientation is prioritized
for individual structures to enhance solar capture efficiency, while due south alignment is
maintained for building groups to optimize collective radiation efficiency.

The thermal performance analysis (Figure 5) reveals the distinct optimization strategies
required for building orientation at different spatial scales. For individual buildings,
the optimal orientation is 20◦ east of south, which maximizes morning solar radiation
acquisition and reduces HEC. In contrast, building clusters perform best when oriented
40◦ east of south, a direction that balances solar radiation distribution within the cluster
and minimizes mutual shading between buildings to achieve peak efficiency.

 
(a) Individual building (b) Building cluster 
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Figure 5. Impact of different building orientations on HEC.

Accordingly, the design guidelines recommend orientation ranges that consider both
solar optimization and layout flexibility: from 50◦ east of south to 40◦ west of south for
individual buildings, and from 60◦ east of south to 60◦ west of south for building clusters.
These threshold ranges not only help accommodate future climate variability but also
effectively mitigate the negative impacts of shading within clusters.

The findings establish a scale-sensitive design paradigm; while individual buildings
require precise orientation tuning to optimize solar gain, building clusters must seek radia-
tion synergy within a broader angular tolerance. This dual-strategy framework significantly
enhances the environmental adaptability of resettlement housing projects, systematically
reduces HEC, and strongly supports regional goals for sustainable development in the
building energy sector.

3.5. Impact of Courtyard Depth on Solar Radiation Acquisition and Heating Energy Consumption

This study evaluates the shading effects of courtyards using 2 m high walls with
depths ranging from 0.9 m to 6 m (Figure 6). The solar accessibility of the south façade
shows a nonlinear negative correlation with courtyard depth, using the unobstructed
condition (100% exposure) as a reference. Within the 1–3 m depth range, solar radiation
acquisition fluctuates between 55.7% and 79.6%, reflecting significant shading effects.
Beyond 3 m, the attenuation rate decreases notably, stabilizing around 86.6% at a depth of
4.8 m, indicating that persistent east–west wall shadows during low solar angles hinder
full radiation recovery (Figures 7 and 8).
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Figure 6. Radiation model with courtyard walls.

 
Figure 7. Solar radiation acquisition on the south façade.
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Figure 8. Courtyard wall depth versus south façade solar radiation acquisition rate (100% under
unobstructed conditions).

The results identify three operational zones:

1. High-sensitivity zone (0.9–3 m): Approximately 12% reduction in irradiance for every
additional meter in depth.

2. Transition zone (3–4.8 m): Marginal losses dominate, with irradiance loss per meter
falling below 4%.

3. Stabilization threshold (>4.8 m): A residual 13.4% reduction in irradiance persists due
to lateral obstructions.
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These nonlinear dynamics necessitate depth-specific design protocols, as follows: for
solar-critical applications, courtyard depths should be kept below 3 m; beyond 4.8 m,
greater flexibility is allowed due to the diminished impact of shading.

Using the HEC under unobstructed exposure as the baseline (100%), the modulation
effect of courtyard configurations (Figure 9) on building thermal load exhibits a clear depth
dependency (Figure 10). Within the tested depth range (0.9 m to 6 m), HEC fluctuates
between 78.3% and 95.1% of the baseline, revealing a critical nonlinear dynamic.

Figure 9. HEC model with courtyard walls.
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Figure 10. Impact of courtyard wall depth on building HEC percentage (100% under no-wall
condition).

When courtyard depth is less than 2.7 m, HEC increases sharply with depth—by as
much as 16.8%—due to significant obstruction of solar gain on the south façade, particularly
during periods of low winter radiation. However, beyond 2.7 m, the sensitivity of thermal
load-to-depth decreases markedly; between 2.7 m and 6 m, HEC shows only a marginal
change of 3.2%. This suggests that during low solar altitude periods, the shading effect of
east–west courtyard walls reaches a saturation point, beyond which, additional depth does
not substantially increase HEC.

Based on this threshold, the study proposes targeted design principles, as follows:
courtyard depth should be kept within 2.7 m to minimize winter heating losses; for depths
greater than 2.7 m, more spatial flexibility can be allowed without significantly compromis-
ing thermal performance.

67



Buildings 2025, 15, 2691

3.6. Impact of Building Density and Floor Area Ratio on Solar Radiation Acquisition and Heating
Energy Consumption

When investigating the impact of BD and FAR on solar radiation acquisition and
HEC, this study systematically adjusted building spacing and single- or double-story
configurations within fixed site boundary conditions to vary density and FAR parameters
(Figure 11). For single-story building units (Figures 12 and 13), the influence of north–south
(front-to-back) spacing on solar radiation was more than twice as strong as that of east–west
(lateral) spacing. Based on a 2% irradiance variance threshold, the optimal spacing ranges
were identified as 1–1.5 m east–west and 3–4 m north–south.

Figure 11. Schematic model of buildings and site boundaries.

  
(a) Left–right arrangement (b) Front–back arrangement 

Figure 12. Impact of spacing and BD on solar radiation acquisition for single-story buildings.
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Figure 13. Effect of spacing on percentage change in solar radiation acquisition for single-story
buildings.
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For double-story building structures (Figures 14 and 15), the increased vertical surface
area exposed to sunlight required significantly larger spacing—expanded to 3–5 m east–
west and extended to 5–10 m north–south—to ensure adequate solar exposure on higher
façades. This hierarchical spacing strategy provides a quantitative design basis to balance
development intensity with solar energy utilization efficiency.

 
(a) Left–right arrangement (b) Front–back arrangement 

Figure 14. Impact of spacing and BD on solar radiation acquisition for two-story buildings.
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Figure 15. Effect of spacing on percentage change in solar radiation acquisition for two-story build-
ings.

The thermal analysis (Figures 16–19) confirmed the dominant role of front-to-back spac-
ing in energy regulation, with HEC stabilizing beyond 5 m for single-story buildings and
10 m for two-story buildings. The optimal spacing thresholds for energy efficiency—3–5 m
for single-story and 5.5–10 m for two-story structures—balance radiation efficiency and
land-use intensity, achieving an 18–22% reduction in HEC while maintaining 85–90% solar
energy utilization.
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(a) Left–right arrangement (b) Front–back arrangement 

Figure 16. Impact of building spacing on HEC of two-story buildings.

  
(a) Left–right arrangement (b) Front–back arrangement 

Figure 17. Impact of building pacing on percentage change in building HEC of two-story buildings.

  
(a) Left–right arrangement (b) Front–back arrangement 

Figure 18. Impact of building spacing on HEC of single-story buildings.

These findings establish a differentiated planning framework based on building height;
low-rise structures adopt a compact east–west spacing layout, while multi-story configura-
tions require expanded north–south spacing.
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(a) Left–right arrangement (b) Front–back arrangement 

0 5 10 15 20

0

2

4

6

8

10

Pe
rc

en
ta

ge
 c

ha
ng

e 
in

 b
ui

ld
in

g
 e

ne
rg

y 
co

ns
um

pt
io

n 
(%

)

Front-back spacing (m)

Baseline

Figure 19. Impact of building pacing on percentage change in building HEC of single-story buildings.

4. Conclusions

This study took Qinghai as an example to systematically analyze the influence mecha-
nisms of spatial structure on solar radiation acquisition and building HEC in high-altitude
cold region resettlement communities.

Building spacing is a key factor regulating solar radiation acquisition and HEC; the
impact of north–south spacing is significantly greater than that of east–west spacing, with
improvements in solar radiation acquisition and HEC stabilizing beyond 5 m for single-
story and 10 m for two-story buildings. Optimal spacing thresholds were derived from
simulations as follows: for single-story buildings, 3–4 m north–south and 1–1.5 m east–
west; for two-story buildings, 5–10 m north–south and 3–5 m east–west. Terraced layouts
minimize exposed surfaces and can significantly reduce HEC.

Orientation optimization exhibits scale-dependent characteristics; individual buildings
achieve peak solar gain at 10◦ west of south, while settlement clusters perform best with a
due south orientation to reduce mutual shading. Recommended energy-efficient orientation
sectors are from 50◦ east of south to 40◦ west of south for individual buildings, and from
60◦ east of south to 60◦ west of south for settlement planning, balancing radiation efficiency
and spatial adaptability.

Courtyard depth induces nonlinear radiation responses; depths below 3 m form a
high-sensitivity zone (radiation recovery rate between 55.7% and 79.6%), while depths
beyond 4.8 m enter a stable zone (maintaining about 86.6% of the baseline). Thermal
performance analysis further confirms 2.7 m as a critical depth threshold for minimizing
heating losses.

Based on these findings, the study proposes an integrated “Orientation–Spacing–
Depth” hierarchical design framework prioritizing south-facing façades, adapting spac-
ing thresholds to building height, and modulating courtyard scale functionally. This
climate-responsive blueprint demonstrates transfer potential to regions sharing Qinghai’s
high-altitude cold arid characteristics—specifically, those with comparable solar radiation
regimes, heating-dominated energy profiles, and low-rise clustered morphologies.

5. Limitations and Prospects

This study intentionally focuses on single-variable mechanisms through idealized sce-
narios, thereby excluding multi-variable synergies, socioeconomic trade-offs, and dynamic
complexities. Three primary technical constraints warrant attention in broader applications,
as follows: radiation thresholds require latitude-specific adjustments; courtyard depth
effects may reverse in high-humidity cold climates; and spacing optima assume homo-
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geneous building heights. Critically, while our morphology–energy guidelines establish
preventive design thresholds for early planning phases, their economic viability neces-
sitates future region-specific techno-economic verification, a prerequisite for sustainable
implementation. Subsequent research must develop integrated frameworks coupling en-
vironmental objectives with socioeconomic factors, enabling empirical validation across
diverse high-altitude contexts to bridge theoretical insights and community-scaled prac-
tices.
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Abstract: Solar exposure and shading critically influence outdoor thermal comfort in resi-
dential areas, yet quantitative links between spatial morphology and microclimate remain
insufficiently explored in cold-region cities. This study proposes a novel morphological
indicator, the Insolation Shadow Ratio (ISR), to quantify sunlight–shade dynamics and in-
vestigates its correlation with outdoor thermal comfort (UTCI) in Xi’an, China. Combining
field observations, microclimate simulations, and statistical analysis, we quantified ISR
and UTCI across three representative outdoor spaces in a residential area. Photographic
analysis and spatial parameterization were employed to calculate hourly ISR values. Sig-
nificant correlations were observed between ISR and UTCI values. The measured data
showed the strongest correlation at summer solstice at site C (Spearman’s r = 0.883, p < 0.01).
GAM analysis of seasonal peak correlation data revealed that an optimal UTCI comfort
range of 9 ◦C to 26 ◦C, corresponding to ISR thresholds of 0.0202–0.8384, achieved the
highest autumn correlation at site C (r = 0.686, p < 0.01), while effectively balancing shade
cooling effects and solar accessibility. The ISR framework provides a quantifiable tool for
designers to optimize outdoor thermal environments and, when enhanced by parametric
modeling tools, enables them to proactively optimize thermal performance during early-
stage residential planning, offering a data-driven pathway for climate-resilient outdoor
space design.

Keywords: Insolation Shadow Ratio; thermal comfort; UTCI; residential area;
outdoor space

1. Introduction

The rapid densification of urban residential areas in cold-region cities like Xi’an has sig-
nificantly altered solar exposure patterns, exacerbating seasonal thermal stress in outdoor
spaces [1]. While sunlight enhances winter comfort, excessive solar radiation in summer
intensifies urban heat island effects, reducing space usability. Effective management of
sunlight–shadow dynamics is thus critical for climate-responsive design. Some studies
highlighted significant correlations between solar exposure [2], shadow coverage [3], and
thermal comfort in urban spaces [4,5], emphasizing the importance of balancing sunlight
and shading management [6–8]. Compagnon demonstrated the significant impact of solar
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and shadow movement on outdoor thermal comfort through software simulations [9,10].
Acero et al. investigated seasonal variations in urban sunlight and shadows, revealing their
profound impact on thermal comfort across different seasons [11]. Advanced modeling
techniques, such as Structural Equation Modeling (SEM), have quantified the impacts
of sunlight and shading on thermal comfort, offering valuable insights for urban plan-
ning [12]. Numerous studies have explored strategies to improve urban outdoor thermal
conditions [13]. Modification of solar irradiation conditions through shading, with higher
levels of shade in summer, improve thermal comfort [7,14,15]. Thermal comfort indices
such as the Physiological Equivalent Temperature (PET) and the Universal Thermal Cli-
mate Index (UTCI) have been widely used to evaluate outdoor thermal environments [16].
These indices consider factors like solar exposure and shading to provide comprehensive
assessments of thermal conditions [17–19].

Urban morphology governs the distribution of solar access and shade, both of which
critically shape outdoor thermal comfort. Current studies on morphological indicators and
thermal comfort have widely adopted the Sky View Factor (SVF) and Floor Area Ratio
(FAR) as core metrics to quantify the relationship between urban morphology and thermal
environments [20]. SVF, calculated as the proportion of visible sky at a given point, reflects
the openness of urban canyons and has demonstrated significant impacts on outdoor ther-
mal comfort. For instance, higher SVF values correlate with elevated UTCI in unshaded
areas due to increased solar exposure [21,22]. FAR, defined as the ratio of total building vol-
ume to site area, controls urban density and indirectly influences shadow coverage. While
increasing FAR enhances summer shadow coverage [23], it may exacerbate insufficient
daylight penetration in winter, thereby compromising seasonal thermal balance [24,25].
Morphological indicators like the SVF and FAR optimize thermal comfort by controlling
solar access and enhancing airflow [16]. Together, these interdependent factors—form,
shade, and microclimate—underscore the need for a dynamic, geometry-driven indicator
that links spatial configuration directly to thermal comfort performance.

Considering other morphological indicators and thermal comfort studies, Song et al. [15]
found that building orientation and height play critical roles in optimizing solar exposure
and shadow projection. Yi et al. [23] explored the relationship between urban density and
sunlight/shadow patterns, noting that denser areas typically reduce sunlight exposure while
increasing shading, thereby influencing outdoor comfort.

However, current urban planning practices often rely on generic metrics like the SVF
and FAR, which inadequately capture time-varying solar–shadow interactions at human
scales [18,21,26]. Prior studies have demonstrated strong links among solar exposure,
shadow coverage, and thermal comfort—highlighting the role of factors such as vegetation
density [2], building aspect ratio [15], and material albedo [27]—yet common morphologi-
cal metrics like the SVF and FAR remain static and cannot capture diurnal and seasonal
solar trajectories. This gap motivates the development of ISR, a time-sensitive indicator
that dynamically integrates solar azimuth and altitude to quantify hourly sunlit fractions,
providing a continuous, geometry-driven proxy for outdoor thermal comfort. Further-
more, while parametric tools like ENVI-met enable detailed microclimate simulations, their
complexity limits integration into early-stage design workflows. Crucially, no study has
proposed a time-sensitive morphological indicator that balances solar accessibility and
shading requirements across seasons while remaining operable for architects and planners.
To address these limitations, this study proposes the Insolation Shadow Ratio (ISR), defined
as the hourly ratio of sunlit area to total site area. Unlike the SVF or FAR, ISR dynamically
quantifies solar–shadow interplay by explicitly incorporating hourly variations in solar
position, including azimuth and altitude, across different seasons. This dynamic consid-
eration enables ISR to capture temporal patterns of solar exposure and shading that are
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overlooked by static indicators such as the SVF. Conceptually, while SVF is a static ratio
representing the proportion of visible sky dome regardless of time, ISR is defined as the
ratio of sunlit area to total site area at a specific hour, which allows for continuous assess-
ment of solar access and shading dynamics throughout the diurnal and seasonal cycles,
thereby enhancing its applicability in thermal comfort-oriented urban design. The dynamic
trajectory of solar position across seasonal and diurnal cycles (with hourly variations)
serves to quantify the spatiotemporal patterns of solar exposure and shadowing at multiple
temporal scales (e.g., summer solstice, winter solstice, and equinoxes), thereby enabling
precise characterization of the dynamic impacts of architectural morphology on outdoor
thermal environments. Ground-level shadow patterns are shaped by building morphology,
with radiative heat exchange mechanisms demonstrating a measurable correlation between
these patterns and UTCI. This evidence establishes the critical role of shadow dynamics in
urban thermal regulation.

The influence of building shadows on urban microclimates has been widely explored
in recent years. Lindberg et al. [28] demonstrated that shading can significantly reduce
mean radiant temperature (T_MRT) in residential areas, thereby improving outdoor thermal
comfort. Prior research in diverse climatic regions has employed simulation-based models
such as SOLWEIG and ENVI-met to assess the thermal effects of solar access and shadow
distribution. For instance, studies in the Phoenix–Tempe metropolitan area used SOLWEIG
to generate high-resolution shadow and T_MRT maps to support summer heat mitigation
and urban cooling strategies. In China, the Building Shadow Generation Ratio (BSGR)
was proposed as a dynamic alternative to the Sky View Factor (SVF), offering improved
evaluation of microscale thermal conditions in residential environments [16].

However, most existing studies are constrained by two key limitations. First, they
typically focus on single-season optimization—primarily summer—without addressing the
seasonal contradictions in temperate regions where summer shading needs to be balanced
against winter solar access. Second, morphological–climatic interactions are often modeled
using static indicators or rule-based parameters, lacking a temporally explicit, quantitative
framework for analyzing shadow dynamics across seasons.

The present study addresses these gaps through three novel contributions. First, by
selecting Xi’an—a representative temperate monsoon city with four distinct seasons—the
study investigates solar–shadow interactions across solstices and equinoxes, enabling a
seasonally balanced analysis of thermal comfort. Second, the proposed Insolation Shadow
Ratio (ISR) offers a time-sensitive morphological indicator that captures diurnal and sea-
sonal variations in solar altitude and azimuth. Its correlation with thermal comfort (UTCI)
is quantified using both field measurements and generalized additive modeling (GAM),
providing improved temporal resolution over static metrics such as SVF and BSGR. Third,
the derived thresholds offer a quantifiable link between spatial form and environmen-
tal performance, supporting climate-responsive urban design beyond the capabilities of
existing models.

This study aims to establish ISR as a novel morphological indicator for solar–shadow
management and quantify correlations between ISR and UTCI across diverse residential
layouts. Therefore, the research contents of this study corresponding to the above-raised
limitations are: (1) serving as a design-friendly metric for real-time shadow optimization
using parametric tools (Grasshopper + Ladybug), (2) analyzing the relationship between
ISR and UTCI to validate ISR as an indicator for managing outdoor thermal comfort, and
(3) providing ISR thresholds for a climate-specific area. By resolving the above research
questions, ISR advances practical design workflows.

76



Buildings 2025, 15, 1995

2. Methodology

2.1. Research Framework

Focusing on three high-activity hotspots (western, north-central, and southeastern
zones) on a mixed-use residential campus (prioritizing residential over academic areas), we
defined “high-activity” areas as those exhibiting pedestrian flows above 30 persons/hour
during peak periods, corroborated by semi-structured interviews with residents. At each
hotspot, we then integrated field measurements, parametric modeling (Grasshopper +
Ladybug), and statistical analysis to assess dynamic solar–shadow interactions and outdoor
thermal comfort. Hourly ISR values were derived from spatial geometry parameterization
and time-series solar radiation simulations, while UTCI was calculated using localized
meteorological data. The research framework (Figure 1) consists of several steps: 1© Field
Observations and Interviews: Site surveys and resident interviews were conducted to
identify frequently used outdoor spaces of residential area. Key environmental features,
such as building enclosure form, shading patterns, and vegetation, were documented.
2© Data Collection: Climatic variables including air temperature, relative humidity, wind

speed, and mean radiant temperature were measured. Meanwhile, photographic analysis
and simulation tools, such as Ladybug and Honeybee in Grasshopper, were used to
calculate solar exposure and shading patterns. 3© Calculation of Insolation Shadow Ratio
(ISR): Calculation of the ISR was divided into two parts: the measured ISR was calculated
based on the projected area of insolation shadows of the actual site, and the simulated
ISR was obtained based on the established settlement models. 4© Access to ISR and UTCI
Simulated Data: Calculation of ISR and UTCI simulated data by Ladybug and Honeybee.
5© Correlation Analysis: Statistical correlation analysis was performed to evaluate the

relationship between ISR and UTCI. A combination of measured and simulated data was
used to ensure accuracy and reliability. 6© Find the ISR Threshold: The seasons with high
correlation are filtered out, and the comfort intervals of ISR and UTCI are fitted by the
GAM model to obtain the corresponding ISR thresholds.

Figure 1. Research framework diagram.

2.2. Sites

Preliminary investigations identified three key areas within the neighborhood—the
western region, the north-central region, and the southeastern region—as hotspots of
resident activity. These areas were selected as representative observation sites. The neigh-
borhood comprises both residential and teaching areas, and the study focused exclusively
on the residential areas (Figure 2a,b).
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(a) 

(b) 

Figure 2. (a) Photo of the survey area (source: Baidu web map). (b) General plan of the survey area
(source: Authors’ record of residential area).

Site A is situated in the western part of the residential neighborhood and occupies a
rectangular area approximately 17 m in width and 72 m in depth, covering a total area of
about 1224 m2. The site is surrounded by buildings five to seven stories high on its eastern
and western sides, with scattered vegetation distributed across the area.

Site B is situated in the south-central part of the neighborhood and covers a rectangular
area approximately 26 m in width and 40 m in depth, with a total area of about 1040 m2. A
12-story residential building is located to the south of the site, with residential and office
buildings. To the east, it is adjacent to a school campus. The site is surrounded by a mix
mid- to high-rise buildings, public structures, and landscaped vegetation. Additionally, it
is equipped with seating areas for pedestrians to rest.

Site C is situated within a street garden in the residential neighborhood. It is rectan-
gular, measuring approximately 55 m in width and 32 m in depth, covering a total area
of about 1760 square meters. To the west, it is bordered by six-story residential buildings,
while the north side features an 18-story high-rise residential building. The east and south
sides are adjacent to public buildings. The site is surrounded by trees and dense vegetation.
Nearby, there is an affiliated kindergarten, contributing to an active pedestrian zone pri-
marily frequented by elderly individuals engaging in exercise and parents accompanying
their children.
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2.3. Field Investigation
2.3.1. Objectives

The field investigation targeted two primary aspects. The first focused on outdoor
climatic factors influencing residents’ activities, such as air temperature, relative humid-
ity, wind speed, solar radiation, and variations in sunlight and shadow. The aim was
to understand how changes in these factors affect thermal comfort in real-life outdoor
residential areas. The second aspect examined the surrounding building forms and their
basic configurations to analyze how they shape outdoor environments.

2.3.2. Content and Methods

Using an existing residential neighborhood in Xi’an as a case, the study explored
changes in sunlight and shadows areas in outdoor spaces under varying building configu-
rations and how these changes impact thermal comfort of the space. Field measurements
were conducted on key seasonal days—the winter solstice, the spring equinox, and the
summer solstice. The winter solstice and the summer solstice represent extremes in solar
radiation: minimal sunlight during the winter solstice and maximum sunlight during
the summer solstice. These data provide insights into the influence of sunlight variations
on outdoor spaces and environments. Due to the COVID-19 pandemic restrictions in
2022, autumn equinox measurements were unavailable. Instead, the spring equinox was
included to bridge the seasonal gap between the solstices, offering a balanced perspective
on seasonal sunlight conditions. The nearly 12 h daylight period during the spring equinox,
similar to the autumn equinox, provided complementary data for analyzing ISR’s influence
on outdoor thermal comfort across seasons.

Observations were conducted between sunrise and sunset (8:00 a.m. to 6:00 p.m.),
capturing sunlight–shadow patterns at two-hour intervals. Images documenting shadow
distribution and residents’ activities were recorded, alongside climatic variables such
as air temperature, Wet Bulb Globe Temperature (WBGT), relative humidity, and wind
velocity, at one-minute intervals. Behavioral observations complemented environmental
measurements to provide insights into how residents interacted with the environment.

2.4. Selection of Outdoor Thermal Comfort Indicators

Since the mid-20th century, outdoor thermal comfort evaluation methods have evolved
significantly—from simplified heat balance models to more physiologically accurate indices.
Early research identified key environmental variables such as air temperature, relative humid-
ity, wind speed, and mean radiant temperature, alongside physiological factors like clothing
insulation and metabolic rate, as fundamental determinants of human thermal comfort [29–31].
When exploring the relationship between outdoor thermal comfort and solar–shadow
conditions, it is essential to select appropriate indicators for evaluation [32,33]. These foun-
dational insights led to the development of steady-state indices, including the Physiological
Equivalent Temperature (PET) [34,35], Standard Effective Temperature (SET) [36–38], and
Universal Thermal Climate Index (UTCI) [39–42].

More recently, the Universal Thermal Climate Index (UTCI) was introduced, based
on a dynamic multi-node thermoregulation model that accounts for human physiological
responses under fluctuating outdoor conditions [39,40]. Compared to steady-state indices,
UTCI provides improved accuracy in capturing the transient effects of solar radiation and
wind, making it particularly suitable for outdoor environments [40,43,44].

In China, researchers such as Jin Hong [45], Nie Ting [46], and Wu Jinkui [47] have
studied the applicability of the UTCI across different regions. Wu Zhifeng [48] demon-
strated its relevance in analyzing thermal conditions under four greening retrofit scenarios
in residential areas during typical summers. Wereski Sylwester [42] analyzed the spatial
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and temporal variations of the UTCI during 21st century winters in Poland, indicating
that the UTCI can also be used to assess large-scale thermal comfort. Park Sookuk [49]
argued that the UTCI is a widely accepted and easily determined thermal index, making it
a valuable tool for analyzing outdoor thermal effects on humans in urban and landscape
planning and design.

In summary, the UTCI is not only suitable for evaluating outdoor thermal comfort,
but also capable of revealing human thermal sensations under varying environmental
conditions [50]. Given its dynamic modeling framework and strong empirical support,
UTCI is adopted in this study as the core indicator for assessing outdoor thermal comfort. It
integrates key climatic variables—air temperature, humidity, wind speed, and mean radiant
temperature—to provide a comprehensive representation of human thermal sensation. In
this research, UTCI was computed through parametric simulations using Grasshopper,
enabling spatially and temporally refined analysis of thermal comfort conditions in relation
to the ISR [25].

2.4.1. Method for Calculating the UTCI Based on Field Measurements

To obtain the Universal Thermal Climate Index (UTCI) for the measured residential
area, the “LB UTCI Comfort” component in Ladybug was used to calculate the UTCI.
The simulation assumed a standing posture (1.2 met) docs.ladybug.tools (accessed on
21 June 2024), with seasonal clothing insulation set to 0.5 clo for summer and 1.0 clo for
winter, based on typical ensemble values recommended by ASHRAE 55. The input data
include the measured values for air temperature, mean radiant temperature (MRT), relative
humidity, and wind velocity at various measurement points to calculate the UTCI for the
residential area (as shown in Figure 3).

 
Figure 3. Ladybug UTCI computing battery.

2.4.2. Method for Calculating the UTCI Based on Simulation

Based on the building types and enclosure characteristics of site A, site B, and site
C in the measured residential area, 3D models of the three sites were created. To explore
the relationship between UTCI data and the ISR under ideal model conditions, Ladybug
components were used to acquire and analyze site data. The constructed building models
of the sites are input as the analysis objects. The corresponding weather files for the simula-
tion’s climate zone are selected, and the weather data is input into the “LB Solar Outdoor
MRT” component to calculate the mean radiant temperature (MRT). The obtained MRT,
along with other weather data, is then input into the component for calculating the UTCI.
Finally, through simulation analysis of the building models, the average, minimum, and
maximum UTCI values for the study period are obtained on an hourly basis. Establishing
a 5 × 5 m grid based on the site area facilitates picking up variation of the UTCI in the area,
so that the maximum, minimum, and average values of UTCI for the site can be obtained
through battery calculations.
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2.5. Concept and Calculation Method of the ISR Index

This study introduces a new morphological index, the Insolation Shadow Ratio (ISR),
to quantify the variation between sunlight and shadow in outdoor residential areas. It is
defined as the ratio of the sunlit area to the total area of the site. In this study, the shadow
area is primarily composed of the shadows cast by buildings onto the ground area of the
outdoor site under solar radiation. As shown in Figure 4, “As” represents the shadow
area, “Ai” represents the sunlit area, and the green squares represent the building. The
calculation formula is as follows:

ISR =
Ai

(Ai + As)

Figure 4. Schematic diagram of the ISR (illustration by the author).

By explicitly aggregating overlapping shadows into As, ISR remains robust in complex
urban settings where multiple structures cast intersecting shadow patterns. Figure 5
provides a schematic comparison of ISR calculations for single-building and multi-building
configurations, clearly illustrating how group shadow masking is accounted for.

Figure 5. (a) ISR calculation for a single building. (b) ISR calculation for a group of buildings
(illustration by the author).

2.5.1. Method for Obtaining ISR Values Through Field Measurements

The method for obtaining ISR values through field measurements involved observing
variation in sunlight and shadow on the site. This was done by using panoramic pho-
tographs and image recognition techniques to record changes in sunlight and shadow. The
contrast images of sunlight and shadow were extracted according to time periods, allowing
calculation of the ratio of the sunlit area to the total site area. The typical solar terms were
selected as the representative days of the seasons. Therefore, field data were collected on
22 December 2022 (the winter solstice), 21 March 2023 (the spring equinox), and 22 June
2023 (the summer solstice).

2.5.2. Method for Obtaining ISR Values Through Simulation

Grasshopper is a tool that integrates visual programming and building environmental
performance analysis. It is typically used in conjunction with Rhino 3D to create parametric
designs and perform various computational tasks. By utilizing built-in components in
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Grasshopper, such as solar trajectory and sunlight angle functions, the ratio of ground area
receiving sunlight to the total site area can be calculated.

The geometric shapes to be analyzed, such as buildings, sites, or other structures
requiring sunlight and shadow ratio simulations, were first input into Grasshopper. Sub-
sequently, Grasshopper was configured, and a new definition for the ISR was created.
The parameters necessary for the simulation, including location data (latitude, longitude,
date, and time), solar attributes (solar position and radiation data), and other relevant
information (e.g., terrain, site, and buildings), were then defined. Using the solar analysis
components of the Honeybee tool, calculations were performed to determine sunlight
exposure, shadow ratios, and other solar-related data, such as solar radiation and shadow
analysis. Finally, visualizations of the ISR were generated, presenting this information
graphically through Grasshopper components.

2.6. Validation of the Relationship Between Outdoor Thermal Comfort and the ISR

This study aims to conduct a quantitative accuracy assessment between field-measured
data and simulated outputs. Correlation and sensitivity analyses between ISR and UTCI
need to be performed. However, given the inherent environmental dynamics (e.g., spa-
tiotemporal heterogeneity of meteorological variables) and persistent anthropogenic dis-
turbances (e.g., land-use alterations and infrastructure interventions) observed in field
conditions, coupled with data availability constraints, the sensitivity analysis is confined to
evaluating seasonal variations within the modeling framework. This targeted approach
allows systematic exploration of model robustness under controlled temporal parameters
while acknowledging limitations in empirical data acquisition. Therefore, the sensitivity
analysis was performed only for the simulated data.

2.6.1. Spearman Correlation

The correlation analysis framework adopts a hypothesis-agnostic approach to statisti-
cally identify key covariates exhibiting coordinated variation patterns. By systematically
quantifying bivariate associations (Spearman’s |r| > 0.5, p < 0.01), this methodology
simultaneously addresses two operational objectives: (a) revealing latent variable co-
dependencies through dimension-reduced projection, and (b) establishing empirically
grounded variable screening criteria for subsequent mechanistic modeling [51–53].

The aim of this study is to explore whether there is a correlation between outdoor
thermal comfort and ISR in residential areas of Xi’an. To validate the correlation and
determine the strength of the relationship, normality tests and correlation analysis were
conducted on both the field measurement data and simulation data using SPSS 26. For the
correlation between the variables, Spearman’s method was selected.

2.6.2. Sobol Sensitivity Analysis

The sensitivity analysis protocol was strategically designed to elucidate causal mecha-
nisms and facilitate model optimization by systematically addressing a pivotal question:
how can parametric adjustments enhance system performance [54–56]? By leveraging
the Sobol variance decomposition method—a globally convergent sensitivity analysis
technique—this study quantitatively evaluates both individual parameter effects (first-
order indices, Si) and higher-order interaction impacts (total-order indices, ST) through
variance-based importance metrics. Implemented via the SALib Python (3.12) package, this
approach overcomes the limitations of local sensitivity analysis (LSA) through quasi-Monte
Carlo sampling (Saltelli sequence, N = 1000 iterations), with parameter importance rank-
ings validated via convergence diagnostics (Anderson-Darling test, p > 0.1) [57]. From the
point of view of the amount of data, as well as the questions explored, this study conducted
a sensitivity analysis only for the simulated data.
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3. Results

3.1. Field Measurement Results
3.1.1. Measured Results of the Insolation Shadow Ratio for Different Types of Spaces

The data obtained from field measurements were calculated, and the ISR data are
detailed in Table 1. Panoramic photographs documenting changes in sunshine and shadow
at the site were collected during the field survey. Examples of the field recordings for the
insolation shadow variation at site A are shown in Appendix A Tables A1–A3.

Table 1. Changes in the insolation shadow ratio during different seasons at site A.

Time Period
Winter

Solstice—ISR
Spring

Equinox—ISR
Summer

Solstice—ISR

8:00–10:00 9.7% 46.33% 12.66%
10:00–12:00 40.66% 87.16% 30.45%
12:00–14:00 43.97% 93.53% 23.94%
14:00–16:00 1.06% 67.67% 67.21%
16:00–18:00 0% 43.59% 41.08%

3.1.2. Measured UTCI Results for Different Types of Spaces

(1) Comparison of measured UTCI data

During the winter solstice, the average UTCI for site A was 9.95 ◦C, significantly
higher than site B’s 7.30 ◦C and site C’s 6.71 ◦C. The higher UTCI value for site A indicates
that, although there was more sunlight in winter, the thermal comfort level remained
relatively low, likely due to lower temperatures. Site C had the lowest UTCI, reflecting the
limited sunlight conditions and thermal environment in winter.

During the summer solstice, site C had the highest average UTCI, at 39.71 ◦C, indi-
cating the worst thermal comfort, possibly due to stronger solar radiation or insufficient
shading. Site A followed, with an average UTCI of 38.89 ◦C, while site B had the lowest
UTCI value of 37.42 ◦C, suggesting that site B may have better shading or architectural
forms that contribute to microclimate regulation.

During the spring equinox, the UTCI values for site A (20.82 ◦C) and site C (20.72 ◦C)
were similar, indicating comparable thermal comfort in spring. Site B’s UTCI value was
slightly lower, at 19.47 ◦C, possibly due to site layout or shading coverage.

(2) Analysis of UTCI Differences Between Sunlit and Shaded Areas

The measured data were visualized through graphical representation, as shown in the
figures below. These figures illustrate the variations in sunlit and shaded areas for different
sites across typical solar terms, including the summer solstice, the winter solstice, and the
spring equinox. Specifically, they depicted the sunlit and shaded distributions for site A
during the summer solstice (SSA-Sunlit, SSA-Shaded), the winter solstice (WSA-Sunlit,
WSA-Shaded), and the spring equinox (SEA-Sunlit, SEA-Shaded); for site B under the
same solar terms (SSB-Sunlit, SSB-Shaded, WSB-Sunlit, WSB-Shaded, SEB-Sunlit, SEB-
Shaded); and for site C under identical conditions (SSC-Sunlit, SSC-Shaded, WSC-Sunlit,
WSC-Shaded, SEC-Sunlit, SEC-Shaded). These visualizations clearly depicted seasonal
variations in solar exposure across different sites and served as foundational data for further
analysis of the correlation between ISR and outdoor thermal comfort.

During the winter solstice, the UTCI for the sunlit area of site A was significantly
higher than that for the shaded area, with the positive effect of sunlight on thermal comfort
being particularly evident. During the summer solstice, the UTCI for the sunlit area was
also significantly higher than for the shaded area, indicating that sunlight exposure has a
significant impact on thermal comfort. In contrast, the UTCI difference between sunlit and
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shaded areas during the spring equinox was smaller, likely due to weaker solar radiation
and moderate temperatures in spring (Figure 6a).

   
(a). Measured UTCI values at site A (b). Measured UTCI values at site B (c). Measured UTCI values at site C 
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Figure 6. Measured UTCI changes.

For site B during the winter solstice, the UTCI for the sunlit area was significantly
higher than for the shaded area, but the overall values were lower than those for site A,
indicating more limited sunlight conditions in winter. During the summer solstice, the
UTCI for the sunlit area was higher than for the shaded area, though the difference was
smaller than for site A, suggesting that site layout has a relatively smaller impact on thermal
comfort. During the spring equinox, the UTCI for the sunlit area was still slightly higher
than for the shaded area, but the difference was not significant (Figure 6b).

For site C during the winter solstice, the UTCI for the sunlit area was slightly lower
than for the shaded area, which may be due to the shading and insulation effects of nearby
trees. During the summer solstice, the UTCI for the sunlit area was the highest, much higher
than for the shaded area, and was overall the highest among the three sites. The UTCI
difference between the sunlit and shaded areas was smallest during the spring equinox,
reflecting a more balanced distribution of sunlight and shadow (Figure 6c). However,
the UTCI for the sunlit area during the winter solstice was slightly lower than for the
shaded area, which could be related to the tree canopy in site C and the dense vegetation
surrounding the site. Previous studies have shown that trees not only have a cooling
effect [24], but also contribute to insulation during winter through various mechanisms.
Thus, multiple uncertain factors may interfere with the site conditions during field surveys.

(3) Results and Analysis

First, the field measurement results confirmed the regulatory role of shadow on ther-
mal comfort. The differences in UTCI values for shaded areas across different sites highlight
the critical importance of site layout and shading design in optimizing thermal comfort.

Additionally, a clear correlation between UTCI differences and seasonal changes was
observed. The gap in UTCI values between sunlit and shaded areas varied significantly
with the seasons, being most pronounced during the summer and winter solstices and
relatively balanced during the spring equinox.

During the summer solstice, the UTCI in sunlit areas was substantially higher than in
shaded areas across all sites, demonstrating the direct impact of solar intensity on thermal
comfort. Notably, site C recorded the highest UTCI values, likely due to inadequate shadow
coverage provided by surrounding buildings. Similarly, during the winter solstice, the
UTCI in sunlit areas was significantly higher than in shaded areas, particularly at site A
and site B, highlighting the critical role of sunlight in improving thermal comfort during
colder seasons.

3.2. Correlation Analysis Between Measured ISR and UTCI

The sunlight and shadow conditions recorded in the surveyed images were converted
into hourly ISR data. This conversion facilitated subsequent discussions regarding the
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relationship between outdoor thermal comfort and ISR (Figure 7). Additionally, over
600 valid datasets were collected from both sunlit and shaded areas at each of the three
measurement sites. Spearman’s method was used for the correlation analysis.

Figure 7. Correlation between ISR and seasonal comfort across three sites (source: calculated
using SPSS).

A correlation analysis between the ISR and the UTCI was conducted for site A based
on the measured data. The results showed that the UTCI in the sunlit areas exhibited a
generally high degree of positive correlation with the ISR during the winter solstice, the
spring equinox, and the summer solstice (Spearman’s |r| > 0.5, p < 0.01). In contrast, the
UTCI in the shaded areas showed a generally lower degree of positive correlation with the
ISR. The analysis results for both sunlit and shaded areas indicated statistical significance.

For site B, the correlation analysis revealed a low degree of positive correlation between
the UTCI and the ISR in the sunlit areas during the winter solstice and the spring equinox,
while a higher degree of positive correlation was observed in the sunlit area during the
summer solstice. In the shaded areas, the UTCI showed a high degree of positive correlation
with ISR during the spring equinox.

For site C, the analysis indicated a moderate degree of positive correlation between
the UTCI and the ISR in the sunlit areas during the winter solstice, a high degree of positive
correlation during the summer solstice, and a low degree of positive correlation during
the spring equinox. In the shaded areas, the UTCI exhibited a high degree of positive
correlation with the ISR during the winter solstice, a moderate degree of positive correlation
during the summer solstice, and a low degree of negative correlation during the spring
equinox. Notably, site C was the only site where a negative correlation was observed.

3.3. Simulation Results

In traditional Chinese meteorology, the start of each season is marked by specific solar
terms: Lichun (Beginning of Spring, 4 or 5 February), Lixia (Beginning of Summer, 5 or
6 May), Liqiu (Beginning of Autumn, 7 or 8 August), and Lidong (Beginning of Winter,
7 or 8 November). Following this seasonal division, the simulation periods in this study
were defined as follows: spring (5 February to 5 May), summer (6 May to 7 August),
autumn (8 August to 7 November), and winter (8 November to 4 February). This study
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primarily investigates the influence of solar shadow variations on outdoor thermal comfort.
Therefore, the research period was set between 8:00 and 18:00, corresponding to daytime
hours with direct solar exposure. The detailed simulation results are summarized in Table 2.

Table 2. Average simulated ISR values for the three sites across seasonal reference days.

Reference Day Site A (Average ISR) Site B (Average ISR) Site C (Average ISR)

Winter Solstice (22 December)

0.5887 0.2399 0.3107

Spring Equinox (21 March)

0.7152 0.4615 0.7427

Summer Solstice (22 June)

0.7815 0.7731 0.945

Autumn Equinox (23 September)

0.6999 0.4516 0.7507

3.3.1. Simulated ISR

Simulation of the ISR was conducted using 3D models of sites A, B, and C, representing
different architectural typologies and spatial enclosures. The models were analyzed in
Grasshopper with the Ladybug plugin to compute the hourly ISR values for each site
during the defined seasonal periods.

Local geographic and climatic data, including latitude, longitude, solar angles, and
weather files specific to Xi’an, were incorporated into the simulation. For each season, the
insolation–shadow variation was calculated under clear sky conditions from 8:00 to 18:00.
The simulated ISR values provided insights into the spatial and temporal distribution of
sunlight and shadow across the study sites, which were subsequently analyzed for their
effects on outdoor thermal comfort.

Through simulated calculations of the ISR for sites A, B, and C during the four
typical solar terms, distinct seasonal trends and site-specific differences were observed.
The specific changes in ISR trends are illustrated in Figure 8. At site A, ISR remained
consistently high from 8:00 to 12:00 during all four seasons, showing minimal variation.
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However, a significant decrease was observed after 12:00, with a pronounced decline in
magnitude. At site B, the ISR exhibited a rapid decrease from 8:00 to 13:00 during the
winter solstice, spring equinox, and autumnal equinox, followed by a relatively stable
trend after 13:00, with minimal differences between time intervals. Conversely, during
the summer solstice, the ISR at site B demonstrated a unique pattern, characterized by an
initial decrease, a subsequent increase, and another decline, differing markedly from other
seasonal trends. At site C, the ISR displayed a parabolic pattern, reaching its lowest values
at 8:00 in the morning and 18:00 in the evening, exhibiting a symmetrical distribution.
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Figure 8. Simulated ISR dynamics for different sites. (a) Winter solstice; (b) Summer solstice;
(c) Autumnal equinox; (d) Spring equinox.
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3.3.2. Simulated UTCI

In the simulation process for the three sites, the shading effects of surrounding build-
ings and the variations in climatic conditions at different time points were considered.
Illustrations of the simulation models for the three sites are presented in Table 3.

Table 3. Average simulated UTCI for the three sites during the simulated periods.

Reference Day Site A (UTCI-Mean) Site B (UTCI-Mean) Site C (UTCI-Mean)

Winter Solstice (22 December)

 

 
1.32–2.27 ◦C

 
1.32–2.18 ◦C

 
1.62–1.92 ◦C

Spring Equinox (21 March)

 
9.14–14.31 ◦C

 
9.14–13.89 ◦C

 
10.24–13.17 ◦C

Summer Solstice (22 June)

 
27.02–32.82 ◦C

 
27.02–32.53 ◦C

 
31.11–31.90 ◦C

Autumn Equinox (23 September)

 
22.47–24.52 ◦C

 
22.47–24.29 ◦C

 
23.14–23.78 ◦C

(1) Comparison of simulated UTCI data

For the winter solstice, the simulated UTCI data for the three sites showed a trend
of increasing followed by a decrease, peaking at 14:00 before declining. Site A exhibited
the largest fluctuations between the minimum and maximum UTCI values. At 14:00, the
minimum UTCI for site A rose to 3.1 ◦C, while the maximum reached 7.14 ◦C, demonstrat-
ing a significant increase in temperature difference. Site B’s UTCI displayed a minimum
of 3.1 ◦C and a maximum of 6.66 ◦C, slightly lower than site A’s corresponding values.
Site C’s UTCI ranged from a minimum of 4.39 ◦C to a maximum of 5.65 ◦C, indicating less
fluctuation in the thermal environment during the winter solstice.

For the summer solstice, the UTCI results for the three sites exhibited a steady increase,
peaking at 14:00, after which they began to decline. At 14:00, the minimum UTCI for site A
rose to 28.32 ◦C, with a maximum value of 34.19 ◦C, showing the largest difference between
minimum and maximum values among the three sites. Site B followed a similar trend to
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site A, but during the peak high-temperature period (around 14:00), the maximum value
was lower, reaching 33.88 ◦C. Site C displayed a similar trend in UTCI to sites A and B,
but with overall lower temperature levels. At 14:00, site C’s maximum UTCI was 33.2 ◦C,
significantly lower than site A (34.19 ◦C) and site B (33.88 ◦C), indicating that its thermal
environment performed better overall.

For both the spring equinox and the autumn equinox, the UTCI trend at site A was
similar, with temperatures reaching their highest values around midday and a small
day–night temperature difference, reflecting relatively stable thermal comfort during the
transitional periods of the seasons. At site B, the UTCI also reached a high value around
midday, with a small day–night temperature difference, but there was some divergence
from site A, likely due to differences in shading layout and microclimate effects. At site
C, the UTCI exhibited a characteristic midday high and a small day–night temperature
difference. The values at different time points showed certain differences compared to sites
A and B, reflecting the unique local conditions that affected the site.

(2) Results and Analysis

Based on the simulated UTCI data and visual analysis of the three sites during the
four representative solar terms (Figure 9), it was observed that site A exhibited the largest
threshold range between UTCI-Max and UTCI-Min. This indicates that site A experienced
the most significant thermal environment fluctuations, primarily influenced by the shading
effect of buildings on the western side of the site, which created considerable differences in
solar and shaded areas and subsequently impacted thermal comfort.

Figure 9. Cont.

89



Buildings 2025, 15, 1995

Figure 9. Simulated maximum and minimum UTCI values for different sites. (a) Winter solstice;
(b) Summer solstice; (c) Autumnal equinox; (d) Spring equinox.

Site B showed a moderate range of UTCI differences, with shading effects from
buildings on the northern and southern sides exerting a balanced impact on the thermal
environment. Consequently, temperature variations within site B are less intense compared
to site A but still exhibited a degree of unevenness.

Site C demonstrated the smallest range of UTCI differences. The layout of buildings
on its southern and northern sides ensured a relatively stable distribution of ISR across the
site, resulting in more consistent thermal environment conditions.

3.4. Workflow Efficiency Comparison

Comparative analysis shows that, for a typical 100 m × 100 m block, the ISR workflow
(Grasshopper + Ladybug) completes geometry import and sun–shade setup in 2 min and
computes seasonal hourly ISR in under 10 min on a standard desktop (Intel i7, 16 GB RAM).
By contrast, an equivalent ENVI-met simulation requires approximately 1 h for setup and
3–4 h for runtime. Implementing ISR demands only intermediate parametric-design skills,
whereas full microclimate modeling requires advanced CFD expertise. Overall, ISR reduces
total project time from 6 h to under 30 min (over 90% time savings), decreases computational
load by an order of magnitude, and lowers the technical barrier to thermal–environment
optimization for practitioners.
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3.5. Correlation Analysis Between Simulated ISR and UTCI

Using a simulation platform and locally available meteorological data, simulations
were conducted with an hourly time step for ISR and UTCI during all four seasons. The
simulation periods spanned from 8:00 to 18:00 daily, generating 900 to over 1000 datasets
per site per season. After conducting normality tests on the data, it was observed that the
data did not follow a normal distribution. Consequently, the Spearman algorithm was
applied to analyze the correlation between the ISR and UTCI simulation results (Figure 10).

Figure 10. Correlation between simulated ISR and UTCI values across the three sites.

The relationship between the ISR and UTCI was examined during the simulation
stage. An analysis of the simulation data for the three sites revealed that ISR plays a
significant role in influencing UTCI, exerting both positive and negative effects under
different conditions.

First, for site A, ISR showed varying degrees of negative correlation with the maximum,
minimum, and mean UTCI values in all four seasons, with p < 0.01 indicating significance
between ISR and UTCI. Second, for site B, ISR was correlated with the UTCI metrics for all
four seasons. Finally, for site C, ISR was strongly positively correlated with UTCI metrics
for the spring and fall seasons.

3.6. Sensitivity Analysis Between Simulated ISR and UTCI Values

The Sobol variance decomposition framework revealed ISR as the principal deter-
ministic factor governing UTCI variations across all observational stations and seasonal
cycles. Quantitative sensitivity metrics demonstrated exceptional dominance (Table 4).
The sensitivity indices (Si and ST) of the ISR to the UTCI were close to or slightly above 1
for all sites and seasons, indicating that ISR is the most critical influence on UTCI, and its
independent contribution covers almost the entire output variance. The values of Si and
ST for all seasons and sites are almost equal (difference < 0.001), indicating that the effect
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of the ISR on the UTCI is dominated by independent effects, and the interaction effect is
negligible; thus, it can be stated that the ISR has a dominant effect on the UTCI.

Table 4. Sensitivity analysis of different seasons between simulated ISR and UTCI values.

Site A UTCI Site B UTCI Site C UTCI

Si ST Si ST Si ST

Winter ISR 1.0388 1.0388 0.9943 0.9948 0.9715 0.9711
Summer ISR 0.9974 0.9974 0.9871 0.9871 1.0030 1.0030
Spring ISR 1.0088 1.0088 0.9834 0.9835 1.0030 1.0030

Autumn ISR 1.0060 1.0060 0.9994 0.9986 0.9808 0.9808

4. Discussion

4.1. Effect of ISR Variation on the UTCI

In different seasons, the interaction between the ISR and solar radiation intensity
produces varying impacts on thermal comfort. Specifically, an increase in the ISR leads to
greater solar radiation exposure in outdoor spaces, resulting in higher temperatures. While
this effect improves thermal comfort in winter by warming the environment, it can cause
overheating during summer, negatively affecting outdoor comfort.

Comparing the simulated results of the ISR and the UTCI across the three sites during
four seasons, site A exhibited the largest ISR fluctuations from morning to evening. Corre-
spondingly, site A also demonstrated the greatest difference between UTCI maximum and
minimum values among the three sites. Site B followed, with moderate ISR variation and
UTCI fluctuations. By contrast, site C showed a parabolic trend in ISR variation throughout
the day, with smaller differences between morning and evening ISR values. Consequently,
the difference in UTCI maximum and minimum values for site C was the smallest among
the three sites.

Larger ISR variation indicates significant changes in solar exposure conditions, which
results in pronounced surface temperature fluctuations and, subsequently, substantial UTCI
changes. Conversely, smaller ISR variations signify more stable shadowing conditions,
leading to relatively steady surface temperatures and smaller UTCI fluctuations. The strong
influence of the ISR on the UTCI underscores the role of solar radiation in altering surface
radiation intensity, which in turn affects human-perceived thermal loads.

The three study sites presented distinct ISR–UTCI patterns due to differences in
morphological layout and environmental context. Site A, characterized by a relatively
open layout, experienced the highest diurnal variation in ISR and the widest UTCI range,
indicating strong sensitivity to temporal solar exposure. In contrast, site C, with higher
vegetation density and enclosed spatial form, exhibited limited ISR fluctuation and the
most stable UTCI values. Site B represented an intermediate case, where the correlation
was seasonally variable and spatially balanced.

These variations suggest that the effectiveness of shading and solar exposure on outdoor
thermal comfort is not uniform but influenced by microclimatic modifiers such as vegetation,
enclosure ratio, and surface material. The results underline the need for localized design
strategies that account for morphological context when applying ISR-based thresholds.

4.2. Reasons for Differences Between Measured Data and Simulated Data

Comparison between measured and simulated data revealed discrepancies in correla-
tion trends across the three sites. For site A, the measured correlation was the opposite of
the simulated results. For site B, the measured data for the spring and autumn equinoxes
aligned with the simulation, while the measured results for the winter and summer solstices
exhibited opposite correlations. For site C, the measured and simulated correlations showed
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consistent trends overall. The higher correlation observed in the field measurements
(r = 0.883) versus the parametric simulations (r = 0.686) can be attributed to several fac-
tors. First, the datasets differ in temporal coverage and resolution: the measured ISR
and UTCI values were recorded over a single day at one-minute intervals, capturing fine-
scale fluctuations, whereas simulated values span an entire season at one-hour intervals,
yielding smoother, aggregated profiles. Second, the empirical data incorporate real-world
perturbations—shading from mature vegetation, heterogeneous ground-surface emissiv-
ity, and transient wind gusts—that enhance momentary ISR–UTCI coupling but are not
fully represented in the idealized simulation environment. Third, simulation boundary
conditions (e.g., uniform sky models, steady wind fields) and assumptions about surface
albedo and canopy structure necessarily simplify complex urban microclimates, which can
attenuate modeled correlation strength. Nonetheless, both Spearman coefficients exceed
0.6, indicating robust, statistically significant relationships between the ISR and the UTCI
in both contexts.

These inconsistencies between the measured and simulated data may be attributed to
several factors:

(1) Nonlinear relationships: The relationship between ISR and thermal comfort is not
strictly linear. For instance, excessive solar exposure can increase discomfort in high-
temperature seasons, while enhancing comfort in colder seasons. This suggests that
the relationship between thermal comfort and ISR is complex, influenced by multiple
factors such as season, wind speed, and humidity.

(2) Localized microclimate effects: Factors such as the built environment, vegetation
coverage, and surface materials can alter local microclimatic conditions, affecting
thermal comfort. Even with the same ISR, variations in material thermal properties
(e.g., absorption and reflectivity) can lead to differing surface temperatures, causing
deviations in measured results.

(3) Real-world complexity vs. idealized models: Real-world sites often involve numer-
ous interacting factors not accounted for in idealized models. While the simulation
primarily considers building-induced shadowing effects, real environments intro-
duce additional uncertainties and overlapping variables, leading to deviations from
predicted outcomes.

4.3. Data-Driven ISR Threshold Determination

A multi-dimensional analytical framework (field measurements, simulation valida-
tion, and sensitivity tests) systematically identified seasons with significant ISR–UTCI
correlations (|r| > 0.5). We subsequently employed generalized additive models (GAMs)
to characterize their nonlinear relationships, aiming to (1) quantify the complex influence of
solar–shade dynamics (ISR) on outdoor thermal comfort (UTCI) and (2) determine critical
ISR thresholds corresponding to the UTCI comfort range (18–26 ◦C), providing actionable
parameters for daylight regulation in outdoor design.

GAMs were selected for their capacity to model nonlinear responses through thin-plate
regression splines (Figure 11), outperforming conventional linear regression in detecting
threshold inflection points. This flexibility proves critical when analyzing the dynamic
equilibrium between ISR-mediated shade cooling and solar accessibility effects on the UTCI.
To guard against overfitting, all smooth terms in the GAM were fitted using penalized thin-
plate regression splines with a restricted basis dimension (k = 4) and smoothing parameters
selected via REML (as implemented in the mgcv package). This penalization framework
automatically balances model flexibility against parsimony.
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Figure 11. GAM model fitting based on measured data.

(1) Measured ISR Threshold Patterns

The results revealed pronounced seasonal variations in ISR comfort thresholds across
sites: site A required 0.3423–0.6303 ISR during the vernal equinox, but ISR < 0.1243 at
the summer solstice, while site B showed higher vernal thresholds (ISR: 0.5383–0.8030)
with similar summer constraints (ISR < 0.1172). Site C necessitated winter ISR > 0.0554 to
mitigate cold stress, contrasting sharply with near-zero ISR requirements (approaching 0)
for summer thermal comfort attainment.

(2) Simulated ISR Threshold Patterns

Simulated data predictions further demonstrated(Figure 12) broader transitional sea-
son ISR thresholds (spring: 0.6465–0.8687; autumn: 0.0202–0.8384), a pattern fundamentally
stemming from Xi’an’s temperate monsoon climate.

Figure 12. GAM model fitting based on simulated data.
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The region’s extreme thermal conditions—winter temperatures below −10 ◦C and
summer peaks exceeding 40 ◦C—create significant deviations from the UTCI comfort range
(9–26 ◦C). In contrast, spring or autumn mean temperatures (10–22 ◦C) align closely with
UTCI criteria, enabling stable characterization of ISR–thermal comfort nonlinear relation-
ships during these periods. Crucially, the findings demonstrate that extreme climates
demand opposing design strategies: maximal shade coverage (ISR → 0) to counter summer
heat stress versus minimal shading (ISR > 0.05) for winter solar gain optimization. While
these results provide quantitative guidelines for seasonal dynamic shading design in tran-
sitional seasons, they simultaneously highlight limitations in winter–summer optimization
frameworks, suggesting the need for auxiliary climate adaptation measures beyond ISR
adjustments in extreme thermal scenarios.

4.4. Practical Implementation of ISR Thresholds

The Insolation Shadow Ratio (ISR) framework, while novel, is readily implementable
through existing modeling platforms and simple guidelines. In the Xi’an residential case study,
ISR thresholds (e.g., maintaining an hourly sunlit-area ratio ≥ 0.70 during 10 a.m.–2 p.m. at
summer solstice) were derived via field measurements and Grasshopper + Ladybug simulations.
Practitioners can replicate this workflow as follows.

Using Grasshopper, the LB_Sunlight Hourly and LB_ShadeAnalysis components can
be combined to compute the ISR in real time, allowing building massing to be adjusted
interactively until the model’s hourly ISR meets the target threshold.

5. Conclusions

5.1. Limitations

This study exhibits three principal limitations requiring scholarly attention:

(a) Data Acquisition Constraints in Complex Urban Environments

Dense tree coverage in residential areas obstructed aerial views, preventing top-down
capture of solar–shadow variations. Consequently, panoramic images from fixed ground
vantage points were used, which may have constrained the spatial completeness and
accuracy of ISR measurements. Future studies could employ drone-based photogramme-
try or terrestrial LiDAR scanning to obtain high-resolution, three-dimensional shadow
data. Additionally, resident activity diversity introduced variability into field observa-
tions, and differences in building orientation and height among the three hotspots limited
direct comparability.

(b) Geographic Impact ISR Thresholds

The ISR metric exhibits strong spatial dependency, requiring new calculations in
distinct geographical contexts due to its limited universal applicability.

(c) Mono-Variable Model Simplification

While the ISR-focused framework effectively reduces design complexity, it inherently
neglects critical microclimate interactions. Future studies should integrate morphologi-
cal and microclimatic parameters (e.g., humidity ratios, wind velocity) to better capture
the multifactorial influences on UTCI. As this study represents the first systematic ex-
ploration of ISR as a morphological indicator, the thresholds reported herein reflect only
the preliminary variability derived from UTCI. To enhance precision and establish more
convergent, design-ready threshold ranges, future work will extend the GAM framework
by incorporating covariates such as wind speed, relative humidity, air temperature, and
solar radiation intensity.

(d) Lag Effects between Shading and Thermal Comfort Perception
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While the ISR and the UTCI were synchronized at an hourly temporal resolution in
this initial investigation, future research will include time-lagged cross-correlation analyses
and higher-frequency simulations to capture any delayed thermal responses and improve
the temporal robustness of the ISR–UTCI relationship.

Field measurements were conducted in late 2022 and early 2023, corresponding to the
post-pandemic period in China. Although no lockdown measures were in place, and public
activity had largely normalized, residual behavioral patterns may still have influenced
outdoor space usage and thermal comfort responses. Future studies are encouraged to col-
lect data under fully stabilized social conditions to further validate the representativeness
of ISR–UTCI relationships. Although the ISR proved reproducible and highly correlated
with the UTCI, a detailed sensitivity analysis was not undertaken. Our workflow relies on
precise building and vegetation geometry to ensure repeatability but has yet to assess ISR’s
response to variations in height, aspect ratio, or canopy density. In addition, panoramic
imagery—used solely for validation—introduces uncertainty through thresholding and
spatial parameterization. Future work will (1) perform systematic parametric sweeps of ur-
ban form, (2) run perturbation tests to quantify imaging errors, and (3) develop robustness
metrics (e.g., confidence intervals) to refine ISR thresholds across diverse morphologies.

5.2. Key Findings

This study introduces a novel morphological indicator, the Insolation Shadow Ratio
(ISR), of outdoor spaces in residential areas. The relationship between the ISR and outdoor
thermal comfort (UTCI) was explored, revealing the following findings:

(1) Analytical results of the measured data:

1© A correlation between the ISR and the UTCI was observed across different
sites, and it was validated using SPSS based on measured ISR and UTCI data
from the actual residential area. The degree of correlation varied among the
three sites. Site A and site B exhibited stronger positive correlations, while
site C demonstrated a weaker correlation. An exception was observed during
the vernal equinox at site C, where the measured ISR and UTCI data showed
a negative correlation. Site C exhibited outliers during the vernal equinox.
However, this anomaly is likely influenced by complex environmental factors,
making it difficult to attribute the phenomenon to a single cause.

2© The strength of the correlation between the ISR and the UTCI of site A and site
C was significantly higher in the sunlit areas than in the shaded areas; however,
at site B, it was higher in the shaded areas than in the sunlit areas. The stronger
correlation between ISR and UTCI in shaded areas compared to sunlit areas
can be explained by two main factors: environmental factors and measurement
point distribution. Shaded areas are more influenced by factors like building
layout, vegetation, wind speed, and humidity. For example, vegetation in
shaded areas can further cool the environment through transpiration, enhanc-
ing the ISR–UTCI correlation. Sunlit areas, less affected by these factors, show
a weaker correlation. The placement of measurement points and surrounding
shading from buildings or vegetation can amplify the impact of ISR on UTCI
in shaded areas, especially when these areas are heavily obstructed or influ-
enced by microclimatic conditions. Therefore, this demonstrates that shaded
areas are more sensitive to environmental and microclimatic interactions than
sunlit areas.

(2) Analytical results of the simulation date:

The three sites all demonstrated a correlation between the ISR and the UTCI, but with
varying degrees and trends (positive or negative).

96



Buildings 2025, 15, 1995

1© The ISRs of site A on the four typical solar term days showed negative correlations
with the UTCI, of different degrees.

2© The ISRs of site B showed positive correlations with the UTCI on the spring and
autumn equinoxes and negative correlations on the winter and summer solstices.

3© The ISRs of site C on the four typical solar term days showed positive correlations
with the UTCI, of different degrees.

4© The magnitude of the ISR variations had a direct impact on the range of outdoor
thermal comfort fluctuations. As the ISR differences increased, the UTCI fluctuations
became more pronounced, suggesting ISR as a potentially key factor in shaping the
thermal environment of outdoor spaces.

Through this study path and the seasonal fitting results of the GAM (generalized
additive model), spring and autumn can better find ISR threshold ranges, possibly because
the UTCI corresponding comfort range is 9–26 ◦C. Xi’an is located in a temperate monsoon
climate in the alpine region of the Chinese Plateau, with distinct seasons. The average
temperature in cold and dry winters is 1 to −1 ◦C, and the minimum is below −10 ◦C; the
highest temperature in summer heat is more than 40 ◦C. Therefore, the comfort range is
obviously different from the actual temperature in winter and summer in Xi’an.

Although the ISR is unprecedented, the strong positive correlations we observe be-
tween higher sunlit fractions and improved UTCI values echo similar patterns reported
for static sky view metrics [22], where increased sky exposure corresponded to elevated
PET and UTCI in cold-season conditions. Likewise, our finding of inverted relationships
under dense canopy at site C parallels Morganti et al.’s [2] demonstration that vegeta-
tion density can reverse expected comfort trends by prolonging low-angle shading. By
situating ISR’s dynamic radiative insights alongside these established static and vegeta-
tive studies, we underscore both its continuity with—and advancement beyond—prior
morphological analyses.

Overall, the analytical results of both the measured and simulated data revealed a
correlation between the ISR and the UTCI in some seasons (primary outcome at site C in
spring and autumn) and patterns of the influence of ISR variations on UTCI fluctuations.
Therefore, the ISR indicator could potentially be used as a tool in outdoor space design
for improving the outdoor thermal environment in specific areas. Future research can
be conducted to further clarify and validate the correlation between the ISR and the
outdoor thermal environment under different climatic conditions, so as to develop a more
comprehensive understanding of the ISR–thermal comfort relationship.

5.3. Contributions

This study makes three seminal contributions to climate-responsive urban design:

(1) Theoretical Innovation: We propose the ISR as a novel morphometric index that quan-
tifies solar shade dynamics and their nonlinear coupling with UTCI-based thermal
comfort. This metric establishes an intuitive visualization framework linking shadow
coverage (0–1 normalized) to physiological heat stress thresholds (9–26 ◦C UTCI).

(2) Design Praxis Transformation: The ISR enables direct conversion of thermal comfort
requirements into implementable shade design parameters and reduces the technical
threshold of thermal environment optimization.

(3) Build A New Research Pathway: We establish a dynamic solar exposure analysis
framework that integrates field microclimate measurements and simulated data with
GAM-based threshold modeling. Although the present study focuses on Xi’an, the
ISR computation protocol—grounded in local solar trajectories and parametric solar–
shadow modeling—is directly transferable to other cold-region contexts.
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Appendix A

Table A1. Records of variations in sunshine and shadow at site A during the winter solstice.

22 December 2022 Panoramic Picture

8:00–10:00

12:00–14:00

16:00–18:00

Table A2. Records of variations in sunshine and shadow at site A during the spring equinox.

21 March 2023 Panoramic Picture

8:00–10:00

12:00–14:00

16:00–18:00
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Table A3. Records of variations in sunshine and shadow at site A during the summer solstice.

22 June 2023 Panoramic Picture

8:00–10:00

12:00–14:00

16:00–18:00

Table A4. Time-wise ISR simulation of the three sites.

Time Winter Solstice Spring Equinox
Summer
Solstice

Autumnal Equinox

Site
A

8:00 0.941 0.943 0.942 0.943
9:00 0.940 0.942 0.943 0.942
10:00 0.937 0.941 0.943 0.940
11:00 0.934 0.937 0.942 0.937
12:00 0.917 0.930 0.939 0.924
13:00 0.775 0.877 0.903 0.836
14:00 0.406 0.724 0.800 0.673
15:00 0.038 0.531 0.685 0.480
16:00 0.000 0.404 0.571 0.372
17:00 0.000 0.328 0.535 0.301
18:00 0.000 0.311 0.395 0.353

Site B

8:00 0.711 0.821 0.822 0.809
9:00 0.643 0.771 0.847 0.756
10:00 0.538 0.703 0.841 0.677
11:00 0.365 0.580 0.788 0.539
12:00 0.142 0.434 0.747 0.396
13:00 0.000 0.310 0.718 0.296
14:00 0.000 0.299 0.709 0.300
15:00 0.000 0.285 0.755 0.272
16:00 0.000 0.282 0.836 0.260
17:00 0.000 0.288 0.786 0.309
18:00 0.000 0.305 0.655 0.354

Site C

8:00 0.000 0.292 0.866 0.437
9:00 0.029 0.724 0.988 0.767
10:00 0.354 0.811 0.970 0.816
11:00 0.548 0.815 0.938 0.814
12:00 0.559 0.810 0.936 0.808
13:00 0.557 0.809 0.936 0.809
14:00 0.526 0.814 0.938 0.815
15:00 0.406 0.808 0.969 0.807
16:00 0.129 0.803 0.990 0.802
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Table A5. UTCI simulation at site A.

Time
Winter Solstice Spring Equinox Summer Solstice Autumnal Equinox

Min Max Min Max Min Max Min Max

8:00 −1.1 0.16 2.43 2.81 18.92 21.57 20.1 20.55
9:00 −0.99 0.02 6.87 7.38 23.08 28 20.83 20.87
10:00 −0.07 0.41 6.29 6.56 23.19 29.54 21.51 23.2
11:00 −2.45 −2.09 7.87 9.43 25.16 31.62 22.34 23.86
12:00 1.3 3.55 7.02 13.88 26.12 33.32 22.34 24.46
13:00 −1.28 2.23 9.27 21.77 27.45 34.01 22.36 27.26
14:00 3.1 7.14 13.21 26.01 28.32 34.19 22.78 27.75
15:00 4.07 6.8 12.09 21.79 29.81 36.14 22.36 26.09
16:00 1.04 2.71 11.65 20.38 30.87 37.73 23.89 26.78
17:00 3.73 3.81 10.46 17.19 32.09 38.09 23.95 25.18
18:00 2.98 4.44 11.38 12.49 32.21 36.79 24.26 24.27

Table A6. UTCI simulation at site B.

Time
Winter Solstice Spring Equinox Summer Solstice Autumnal Equinox

Min Max Min Max Min Max Min Max

8:00 −0.95 0.16 2.48 2.81 18.92 21.3 20.15 20.55
9:00 −0.88 0.02 6.93 7.38 23.08 27.66 20.83 20.87
10:00 −0.02 0.41 6.29 6.53 23.19 29.18 21.51 23.01
11:00 −2.45 −2.13 7.87 9.25 25.16 31.26 22.34 23.68
12:00 1.3 3.29 7.02 13.13 26.12 32.84 22.34 24.21
13:00 −1.28 1.82 9.27 20.41 27.45 33.57 22.36 26.71
14:00 3.1 6.66 13.21 24.66 28.32 33.88 22.78 27.19
15:00 4.07 6.49 12.09 21.42 29.81 35.87 22.36 25.66
16:00 1.04 2.52 11.65 20.17 30.87 37.49 23.89 26.45
17:00 3.73 3.8 10.46 17.14 32.09 38 23.89 25.04
18:00 3.15 4.44 11.51 12.49 32.21 36.78 24.26 24.27

Table A7. UTCI simulation at site C.

Time
Winter Solstice Spring Equinox Summer Solstice Autumnal Equinox

Min Max Min Max Min Max Min Max

8:00 −0.63 −0.24 2.57 2.69 19.94 20.7 20.27 20.4
9:00 −0.62 −0.31 7.06 7.21 25.99 26.92 20.84 20.85

10:00 0.1 0.25 6.38 6.46 27.36 28.37 22.06 22.59
11:00 −2.34 −2.22 8.37 8.86 29.48 30.47 22.83 23.3
12:00 2.02 2.72 9.12 11.51 30.49 31.8 23.02 23.69
13:00 −0.16 0.93 13.41 17.36 31.4 32.61 23.96 25.5
14:00 4.39 5.65 17.54 21.59 32.36 33.2 24.41 25.97
15:00 4.94 5.8 13.05 20.79 34.55 35.28 23.57 24.74
16:00 1.58 2.1 12.17 19.83 36.33 36.97 24.82 25.73
17:00 3.75 3.78 10.58 17.06 37.55 37.8 24.35 24.73
18:00 3.52 3.97 11.78 12.13 32.27 36.75 24.26 24.27
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Abstract: Efficient carbon reduction pathways in the building sector are critical for urban
decarbonization. This study predicts urban carbon emissions and establishes models to
evaluate the carbon emission reduction potential of applying building low-carbon tech-
nologies (LCTs) at the urban scale. The models under consideration encompass a spectrum
of active strategies, specifically heat pump (HP), rooftop photovoltaic (PV) systems, and
smart heating, ventilation, and air conditioning (HVAC) systems, alongside passive strate-
gies encompassing advanced building materials and building envelopes. The predictive
calculations consider building typologies, technological evolution, adoption rates, and
local policy constraints. Results indicate that by 2030, the building sector in Xi’an will
account for over 30% of the city’s total carbon emissions. The integrated emission reduction
effect of LCTs reaches 25.8%, with building materials contributing the most significantly
at 9%. Notably, rooftop PV systems demonstrate the highest carbon reduction potential
among active strategies, while HP exhibits the fastest annual growth rate in mitigation.
Furthermore, the study evaluates the feasibility of these LCTs to accelerate progress toward
carbon reduction goals in the building sector.

Keywords: carbon emissions prediction; sustainable buildings; low-carbon technologies;
carbon emission model; carbon reduction potential

1. Introduction

In response to the challenge of climate change, reducing greenhouse gas (GHG) emis-
sions is an important issue in the world. China proposed achieving carbon peaking by
2030 and carbon neutrality by 2060, a goal that necessitates collaborative efforts across all
sectors [1]. On a global scale, the three primary sectors responsible for substantial carbon
emissions are buildings, industry, and transportation. Of these, buildings account for the
highest share of energy demand, approximately 35% [2]. In China, the cumulative carbon
emissions across the entire lifecycle of buildings reached 5.13 billion tons, accounting for
a significant proportion of 48.3% of the total carbon emissions in 2021 [3]. A study of
28 provinces in China found that housing retrofits can reduce household energy consump-
tion and carbon emissions by 17.87% compared to unretrofitted housing, significantly
contributing to building energy efficiency and carbon reduction [4]. Given that cities serve
as pivotal platforms for production and various activities, it is imperative to scrutinize the
trend of carbon emissions from the building sector and assess the low-carbon potential of
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buildings. This analysis is crucial for the development of effective carbon emissions reduc-
tion technologies, which are indispensable in the fight against climate change, especially to
achieve the goal of urban carbon neutrality [5].

To evaluate the contribution of LCTs in reducing urban carbon emissions, it is nec-
essary to predict the future trajectories of carbon emissions within both the city and
building sectors and to explore effective decarbonization pathways. For this purpose,
top-down and bottom-up models are widely utilized in the development of prediction
models aimed at estimating urban and building carbon emissions. Specifically, top-down
models provide carbon emissions from cities and building stocks by considering factors
such as carbon emissions, economics, and relevant statistics [6]. In contrast, bottom-up
modeling establishes a baseline for the carbon emissions status of the assessed subject.
When combined with scenario analysis, this approach can elucidate the direct impact
of energy-saving and carbon-reduction measures on building energy consumption and
emissions, encompassing technologies for enhancing building energy efficiency and energy
substitution-related technologies. Notable bottom-up approaches include the Long-range
Energy Alternatives Planning (LEAP), China Building Carbon Emission Model (CBCEM),
and more. Researchers have made substantial progress in predicting building carbon emis-
sions from a bottom-up perspective. However, this scenario analysis possesses limitations.
For instance, Zhang and Luo [7] introduced a carbon emission prediction framework for
public buildings in China, grounded in the LEAP model. This framework predominantly
considers historical factors such as building area and energy intensity while neglecting the
policy background of carbon reduction measures and the constraints of geographical natu-
ral resource conditions. Consequently, it establishes various carbon emissions scenarios
for public buildings. Moreover, Tan, Lai et al. [8] utilized the bottom-up model from the
Chinese Academy of Sciences to anticipate residential building carbon emissions up to 2050,
including heating, urban buildings, and rural buildings. Factors such as population size,
building area, urbanization rate, building energy efficiency, and changes in energy structure
exert considerable influence on the overall carbon emissions during the operational phase
of a building. Yuan, Chen et al. [9] found that in pursuing carbon emissions peaking within
the building sector, four pivotal measures: advocating for the adoption of low-carbon and
clean heating methods, extensive utilization of renewable energy sources, implementation
of low-carbon retrofitting initiatives, and rational regulation of building scale. Xu, Sun
et al. [10] evaluated the challenges associated with implementation, economic costs, and po-
tential for widespread adoption of various technologies, following a rigorous calculation of
carbon emissions from buildings across diverse scenarios. Their findings led to the proposal
of the following prioritized strategies: firstly, enhancing the energy efficiency standards of
newly constructed buildings; secondly, fostering the integration of renewable energy in
building applications; and lastly, advancing energy-saving retrofits of existing buildings.

Research has demonstrated the effectiveness of clean energy and renewable energy in
facilitating the decarbonization of the urban building sector. However, there is a paucity
of studies focused on the selection of LCTs for achieving efficient decarbonization in
buildings. The majority of existing research has primarily concentrated on the impacts of
implementing LCTs on individual buildings or confined geographical areas. Consequently,
the effects of integrating multiple technologies at the urban scale, and the contribution
of the carbon reduction effect of different technologies to the city’s carbon-peaking goals,
remain in need of thorough quantification.

Existing studies have demonstrated the contributions of clean and renewable energy
systems to decarbonizing urban building sectors. However, there remains a paucity of
research focused on technology selection strategies for LCTs to achieve effective building
decarbonization. Current research predominantly concentrates on assessing the environ-
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mental impacts of implementing LCTs at either the individual building level or within
limited geographical boundaries. Consequently, two critical knowledge gaps persist: (1)
quantifying the implementation efficacy of LCTs at the urban scale; (2) investigating the
impact and contribution of different technologies’ carbon reduction potential on urban
carbon reduction. These unresolved scientific inquiries necessitate establishing systematic
quantification methodologies through developing comprehensive urban-scale analyti-
cal frameworks.

This study attempts to clarify the carbon emissions reduction effect of applying LCTs
in buildings, to address the following research questions: (1) What are the carbon emissions
and future trends of the city and building sector? (2) What is the carbon reduction impact of
typical LCT applications in urban buildings? (3) What are the effectiveness and feasibility
of different LCTs in terms of reducing carbon emissions?

This study fills the research gaps in two aspects: Firstly, it quantifies the carbon
reduction potential of pivotal LCTs applied in the target city, expanding the research scope
from small-scale building clusters to the urban scale; Secondly, it conducts comprehensive
quantitative analysis of the contribution of LCTs and carbon sinks towards achieving urban
carbon peaking goals.

2. Materials and Methods

The framework of this study is shown in Figure 1. The first step is to construct the
database, including the energy consumption of various industries and building-related
data of the city, etc. The LEAP model is widely used in the medium and long-term national
and city energy and environmental planning, and it is capable of forecasting the long-term
energy supply and demand dynamics of society under the influence of various drivers. In
addition, the model can estimate the pollution and greenhouse gas emissions generated by
the energy distribution and consumption processes [11]. Utilizing the LEAP model, take
into account local policies and objective conditions, and establish the scenario parameters
of low-carbon measures under different intensities, to predict the multi-scenario carbon
emission results that conform to the actual situation of the city. Secondly, select five typical
LCTs in the city, considering the building types, technological iterations, renovations,
and application rates in the city over time (year), and establish corresponding models to
calculate the carbon emission reduction amounts resulting from the application. Thirdly,
to conduct a comparative analysis of the effects of these technologies on urban carbon
emissions reduction. Finally, examine the feasibility of technology applications and put
forward suggestions for the city to achieve a low-carbon peaking target.

2.1. Research Area

This study takes Xi’an City, located in Shaanxi Province, as a case study. The oper-
ational carbon emissions of the construction industry in Shaanxi Province witnessed a
substantial surge, rising from 0.5 billion tons in 2010 to 0.8 billion tons in 2020, marking a
growth rate of 60%. Notably, the amount of new construction and Retrofittable in Xi’an
has increased significantly in recent years. By the end of 2023, Xi’an’s resident population
exceeded 13 million, accounting for more than 30% of the province’s population, and had
been increasing except for a slight negative growth in 2021. Furthermore, Xi’an’s Gross
Domestic Product (GDP) exhibited robust performance, reaching 1,201,076 billion yuan
in 2023, maintaining high growth. During the period from 2016 to 2020, Xi’an achieved
cumulative reductions of approximately 24% in energy consumption per unit of GDP and
19% in carbon emission intensity, exceeding the provincial target.
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Figure 1. Research framework.

2.2. Carbon Emission Analysis of Xi’an
Calculation of the Carbon Emissions

The energy consumption data were obtained from the official report of the Urban
Bureau of Statistics, as shown in Tables S1 and S2. The total carbon emissions from energy
consumption were derived from aggregated activity-level data. The formula is as follows:

CEec = ∑ ECi,j × ci (1)

where CEec represents the carbon emissions from net energy consumption, ECi,j is the net
consumption of energy i in industry sector j, and ci is carbon emission factor of energy i.
The same principle applies to solid waste treatment.

Methane emissions generated from urban wastewater treatment can be converted into
carbon dioxide equivalent using Global Warming Potential (GWP) values. The formula is
as follows.

CEwt = Q × ΔCOD × cCH4 × GWPCH4 (2)

where CEwt represents the carbon emissions from the treatment of wastewater, Q is the
annual treated wastewater volume, and cCH4 is the methane emission factor, and GWPCH4

is the GWP of methane.
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The green space carbon sink calculations reference the “Technical Guidelines for Gross
Ecosystem Product (GEP) Accounting of Terrestrial Ecosystems” [12].

2.3. Prediction of the Future Carbon Emissions Under Different Scenarios

The LEAP model serves as an energy system planning model that considers a vari-
ety of aspects. In this study, the LEAP model was employed to simulate future carbon
emission scenarios, methodologically grounded in the aggregation of multi-sectoral energy
consumption data and the incorporation of policy constraints (Figure 2). This approach
enables the evaluation of the impacts of diverse low-carbon interventions on urban carbon
peaking timelines and peak magnitudes.

Figure 2. LEAP model framework.

The scenario modeling incorporated three different scenarios: the business as usual
(BAU) scenario, the Emission Control (EMC) scenario, and the Reinforced Emission Reduc-
tion (RFM) scenario. The BAU scenario outlines the anticipated carbon emissions trajectory
in the future under the assumption of no policy interventions, characterized by the fastest
GDP growth based on current policies. In contrast, the EMC scenario appropriately raises
the share of clean energy and reduces the proportion of fossil energy, resulting in moderate
GDP growth. Lastly, the RFM scenario achieves the most significant energy savings and
emission reductions but is likely accompanied by a decline in the GDP growth rate.

The constant growth rate assumption was employed in the modeling of the scenario
setting, given the availability of data, the accuracy of the data, the study objectives, and the
regional characteristics. This assumption was made in order to simplify the modeling. In
establishing the scenario parameters for this study, the process of “input-output-judgment
result-iterative input-output” was repeated multiple times to ensure that the overall fore-
casting results would not be significantly influenced by the variation in a specific parameter.

The reference basis for the model parameter settings is shown in Table S3, and the
parameter settings are presented in Table 1.
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2.4. Carbon Emissions Reduction Effect from Building Low-Carbon Technologies
2.4.1. Prediction of Construction-Related Data

(1) The built area prediction in the city

Table 1. Simulation parameter settings of different scenarios.

Scenario Classification 2025 2030 2035

Business as
usual (BAU)

Fossil fuels

1. Excluding the transportation industry, fossil fuels such as crude oil, gasoline,
diesel, and liquefied petroleum gas in other sectors will decrease by 0.8%
annually.
2. In transportation, gasoline and diesel consumption decrease by 5% annually.
3. The consumption of natural gas in all sectors rises by 4% annually.

Electricity The consumption of electricity power in all sectors rises by 6.6% annually.

Solid waste and
sewage
treatment

The annual rate of reduction for both solid waste generation and the Chemical
Oxygen Demand (COD) in wastewater is 2%.

Clean energy
The proportion of clean
energy generation has
reached 20%.

50%. 70%.

Forestry carbon
sink

The area covered by
grassland and forest has been
expanded to encompass
48.03%

49% 50%

GDP The annual growth rate of the GDP is 6.5%.

Emissions
control
(EMC)

Fossil fuels

1. Excluding the transportation industry, fossil fuels such as crude oil, gasoline,
diesel, and liquefied petroleum gas in other sectors will decrease by 1.5%
annually.
2. In the transportation sector, the consumption of gasoline and diesel decreases
by 7.5% per year.
3. The consumption of natural gas in all sectors rises by 6% annually.

Electricity
The electricity consumption
of electricity power in all
sectors rises by 10% annually.

10.5% annually. 11% annually.

Solid waste and
sewage
treatment

The annual rate of reduction
for both solid waste
generation and the Chemical
Oxygen Demand (COD) in
wastewater is 2%.

3%. 4%.

Clean energy
The proportion of clean
energy generation has
reached 25%.

55%. 75%.

Forestry carbon
sink

The area covered by
grassland and forest has been
expanded to encompass 50%

52% 54%

GDP The annual growth rate of the
GDP is 6.5%. 6%. 5.5%.
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Table 1. Cont.

Scenario Classification 2025 2030 2035

Reinforce
mitigation
(RFM)

Fossil fuels

1. Excluding the transportation industry, fossil fuels such as crude oil, gasoline,
diesel, and liquefied petroleum gas in other sectors will decrease by 3%
annually.
2. In the transportation sector, gasoline and diesel consumption decrease by
10% per year.
3. The consumption of natural gas in all sectors rises by 7% annually.

Electricity
The electricity consumption
of electricity power in all
sectors rises by 11% annually.

11.5% annually. 12% annually.

Solid waste and
sewage
treatment

The annual rate of reduction
for both solid waste
generation and the Chemical
Oxygen Demand (COD) in
wastewater is 4%.

5%. 6%.

Clean energy
The proportion of clean
energy generation has
reached 25%.

60%. 80%.

Forestry carbon
sink

The area covered by
grassland and forest has been
expanded to encompass 50%

53% 56%

GDP The annual growth rate of the
GDP is 6%. 5%. 4%.

The newly developed and completed built-up areas within Xi’an from 2013 to 2022
were sourced from the Xi’an Bureau of Statistics (Table S4). Linear regression and curve
regression models are employed to predict the built-up area, newly constructed area, and
completed built-up area, respectively. The p-value and R2 results showed that the prediction
models are verified to be used [13]. The expressions are shown in Table 2.

Table 2. Prediction results of the built area data of Xi’an.

Category Expression p Value Fitting Degree R2 F Test

Built-up area (10,000 m2) S1 = 1685.053 × N − 3,383,658.772 0.000 0.943 F = 132.845
(p = 0.000 ***)

New built area (10,000 m2) S2 = 291.313 × N − 583,264.641 0.001 0.851 F = 24.154
(p = 0.001 **)

Completed built area
(10,000 m2) S3 = 123.314 × N − 246,004.91 0.002 0.819 F = 20.455

(p = 0.002 *)

Note: N is the year. *: p < 0.05 (“significant”, moderate evidence for rejection of the original hypothesis.). **:
p < 0.01 (“highly significant”, strong evidence for rejection of the original hypothesis.). ***: p < 0.001 (“highly
significant”, very strong evidence for rejecting the original hypothesis.).

(2) The heating demand prediction

The annual steam and hot water demand data, heating area, and residential area
of the city from 2013 to 2022 were selected from the Xi’an Bureau of Statistics (Table S5).
The average value was adopted as the predicted value of the total steam volume, while
the linear regression model was utilized for the remaining variables. The expressions are
shown in Table 3.
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Table 3. Prediction results of the heating demand of Xi’an.

Category Expression p-Value Fitting Degree R2

Total steam volume (10,000 GJ) Q1 = 1843.927 - -
Total hot water volume

(10,000 GJ) Q2 = 661.782 × N − 1,329,014.105 0.000 *** 0.920

Heating area (10,000 m2) S4 = 2603.1 × N − 5,228,494.216 0.000 *** 0.887
Residential heating area

(10,000 m2) S5 = 1905.564 × N − 3,825,721.505 0.001 ** 0.846

Note: N is the year. **: p < 0.05 (“significant”, moderate evidence for rejection of the original hypothesis.).
***: p < 0.01 (“highly significant”, strong evidence for rejection of the original hypothesis.).

2.4.2. Carbon Emissions Reduction Effect from Building Materials Carbon Sink

Building materials carbon sink encompasses the active role that buildings and associ-
ated activities play in the carbon cycle, involving the absorption, storage, and reduction
of carbon dioxide emissions [14]. Zhao, Huang et al. [15] formulated a generalized model
to predict the materials’ carbon sink of urban buildings across vast areas. Drawing Fick’s
second law, it is established that the carbonation depth scales proportionally with t0.5.
Employing Pearson correlation analysis [16,17], among the eight independent variables, the
effective exposed area Ae (with the best correlation) was incorporated as another parameter
of the prediction model. The power function regression model with the optimal goodness
of fit R2 was utilized to predict the building carbon sink in Xi’an. The formula is as follows:

CERbm = CERbm,RB + CERbm,IB + CERbm,OB + CERbm,CB + CERbm,PB (3)

CERbm,i = a1 × Aa2
i,t × t0.5 (4)

where CERbm represents the carbon emission reduction from building materials carbon
sink, Ai,t is the exposed area of building type i with a completion age of t years (Table S6),
RB is residential buildings, IB is industrial buildings, CB is commercial buildings, PB is
public service buildings, OB is other buildings, a1 and a2 are known constant coefficients

Given the correlation between the building materials’ carbon sink and their completion
time, this study focuses specifically on the carbon sinks associated with buildings that were
completed in 2013 and thereafter.

2.4.3. Carbon Emissions Reduction Effect from Building Heat Pumps

The building sector consumes a significant amount of heat, with the heat source
structure mainly coal-fired [18]. As a green and low-carbon heat supply scheme, heat
pumps (HPs) are essential for the building sector to replace fossil energy for heating and
achieve carbon-peaking goals and neutrality. The carbon emissions reduction effect from
HP is the difference between the carbon emissions in the Baseline Scenario (BS) and the
carbon emissions from using HP for heating in the Application Scenario (AS). The formula
is as follows:

CERhp = CERhp,Q1 + CERhp,Q2 (5)

CERhp,i = CEhp,BS − CEhp,AS (6)

CEhp,BS =
∑ Qj

qi
× ci (7)

CEhp,AS =
∑ Qj × TAPi/HSFPk

qi
× ci + (1 − TAPi)× CEhp, BS (8)

where CERhp represents the carbon emission reduction from HP, Q1 is the total annual
steam demand, Q2 is the total annual hot water demand, qi is the average calorific value
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of energy i, ci is the carbon emission factor of energy i, HSFP is the Heating Season
Performance Coefficient of type k, and TAP is the Technology Application Proportion.

The HSPF of different types of HP are as follows: for heating, the HSPF of household
HP is 2.8, and that of commercial HP is 3; for hot water, the HSPF of household HP is
2.4, and that of commercial HP is 2.5 [19]. The baseline scenario settings are shown in
Table 4 and is applied from the China Energy Conservation Association’s “Heat Pump
Development Roadmap for China’s Building Sector”.

Table 4. Baseline scenario settings for heating and hot water supply.

Heat Pump Market Type Baseline Scenario Main Applicable Scenarios

Heating

Household heat pump heating unit
100% coal burning for residential heating in severe cold

and cold regions

100% gas wall-hung boiler for residential heating in hot summer
and cold winter regions

Heat pump air heater 100% coal burning for residential heating in severe cold
and cold regions

Commercial heat pump unit 50% cogeneration + 10% gas
boiler + 40% coal-fired boiler

for central heating in severe cold and
cold regionsWater source heat pump unit

Hot water
Household heat pump water heater 50% gas water heater + 50%

electric water heater for the hot water supply in all regions
Commercial heat pump water heater

The market growth rate of HP is estimated using nodal sales data for hot water
and heating applications under carbon neutrality scenarios (Table S7). The curvilinear
regression model with a goodness-of-fit of 0.996 is selected as the predictive model for
simulated sales, with it is shown in Table 5.

Table 5. Prediction model for China’s heat pump sales.

Type Expression p Value Fit Degree R2

Hot water sales Q3 = 0.334 × N2 − 1308.235 × N + 1,282,101.84 0.000 *** 0.996
Heating sales Q4 = 1.368 × N2 − 5509.464 × N + 5,548,091.723 0.000 *** 0.996

Note: N is the year. ***: p < 0.001 (“highly significant”, very strong evidence for rejecting the original hypothesis.).

The growth in HP market sales typically directly reflects the prevalence of technology
adoption; therefore, its annual growth rate is utilized as a proxy for the TAP (Table S8).

2.4.4. Carbon Emissions Reduction Effect from Rooftop Photovoltaic Systems

Given the vigorous development of the urban economy, the high concentration of
power demand, and the abundant building roof resources [20], roof PV systems not only
refrain from interfering with the original functions of the building but also have the
potential to achieve self-sufficiency in power supply [21]. The formula is as follows:

CERpv = Σ(RUC × RAi)× SI × CEM × OE × c (9)

where CERpv represents the carbon emission reduction from PV, RUCi is the Roof Utiliza-
tion Coefficient, RAi is the roof area of buildings, i is the building category, SI is the total
solar irradiance received by PV systems, CEM is the conversion efficiency of PV modules,
and OE is the PV operational efficiency of, c is the carbon emission factor of electricity.

The RUC is 0.4 for residential land, 0.6 for public and commercial land, and 0.8
for industrial land [22]. The average total horizontal irradiation in Xi’an in 2022 is
1459.7 kWh/m2. The conversion efficiency of PV modules in 2024 is assumed to be 16.7%,
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with an annual growth rate set at 0.7% [23,24]. The operational efficiency of PV is defined
as 0.8 [25]. An average tilt angle of 20◦ is assumed in the roof PV system model. This
angle is corrected by considering the discrepancy between the theoretical optimal tilt angle
(34◦) and the error caused by assuming 0◦, as well as practical limitations such as roof
load-bearing capacity, esthetic requirements, multi-row installation spacing constraints,
and the need to balance power generation efficiency with high-temperature attenuation, to
ensure both theoretical and engineering feasibility.

2.4.5. Carbon Emissions Reduction Effect from Smart Heating, Ventilation, and Air
Conditioning Systems

There is a significant demand for air conditioning in commercial buildings, office
buildings, and large shopping malls [26]. Smart heating, ventilation, and air conditioning
(HVAC) systems dynamically regulate indoor environmental parameters (e.g., temperature,
humidity, and airflow), saving energy while maintaining thermal comfort [27]. The formula
is as follows:

CERhvac = ΣECc,i × Ai × ESi × c (10)

where CERhvac represents the carbon emission reduction from HVAC, ECc,i is the unit
energy consumption for building cooling, Ai is the area of building type i, ESi is the
energy-saving rate, and c is the carbon emission factor of electricity.

The annual cooling energy consumption is quantified as 8 kWh/(m2·a) for RB,
37 kWh/(m2·a) for CB, 17 kWh/(m2·a) for PB, and 20 kWh/(m2·a) for other building
typologies. The current energy-saving rate is set at 20%, while mandatory energy per-
formance standards mandate a 50% improvement by 2035 relative to 2023 technological
baselines. Based on these constraints, the annual energy efficiency improvement rate is
calibrated. The analysis encompasses buildings completed in or after 2013 [28].

2.4.6. Carbon Emissions Reduction Effect from Building Envelope Improvement

Common technologies for building envelope improvement include external wall
insulation systems, reflective coatings, and thermal insulation coatings [29]. The application
of high-performance materials enhances building thermal performance primarily through
the integration of materials with superior thermal insulation, soundproofing, fire resistance,
and other properties [30]. Representative materials encompass aerogels, vacuum insulation
panels (VIPs), and phase change materials (PCMs) [31]. This study quantifies the carbon
emission reduction benefits of upgrading to more efficient insulation materials using the
following formula:

CERei = ΔHL × ∑ qi/ci (11)

ΔHL = ΔU × HFA × ΔT × ∑ qi × ci (12)

where CERei represents the carbon emission reduction from envelope improvement, ΔHL
is the reduced heat loss amount, U is the thermal transmittance, HFA is the heated floor
area. ΔT is the average indoor/outdoor temperature difference during winter heating in
Xi’an. qi is the average calorific value of energy i, and ci is the carbon emission factor of
energy i.

Based on the national standards for thermal performance benchmarks of building
envelopes [32–34], Xi’an is classified as Cold Region Zone B, with the reference heat
transfer coefficient (K0) of its envelope structures set at 0.35 W/(m2·K) [35]. The technology
is assumed to achieve approximately 15% load reduction. The average indoor/outdoor
temperature difference during the heating season in Xi’an is defined as 20 ◦C, with a heating
duration of approximately four months.
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3. Results

3.1. Carbon Emissions Characters of Xi’an

The total carbon emissions comprise the following sectors: industry (1.65 × 107

t), service industry (1.20 × 107 t), transportation industry (8.31 × 106 t), residential life
(1.352 × 107 t), construction industry (3.95 × 106 t), and agriculture, forestry, animal
husbandry, and fishery (7.09 × 105 t). Among these, the industrial sector contributes a
large proportion, accounting for 30.60% of total emissions, followed by residential living
(25.07%), the service industry (22.19%), transportation (15.41%), construction (7.33%), and
agriculture, forestry, animal husbandry, and fishery (1.31%).

The predicted results of carbon emissions in Xi’an under different scenarios are shown
in Figure 3. Under the BAU scenario, Xi’an is projected to achieve its carbon peak target by
2029, with total carbon emissions reaching 5.62 × 107 tons (Table S9). In contrast, the EMC
scenario demonstrates accelerated progress, enabling the city to attain carbon peaking one
year earlier in 2028, with corresponding emissions reduced to 5.45 × 107 tons (Table S10)—
representing a 3.02% reduction compared to the BAU baseline. Under the RFM scenario,
through intensified energy conservation and emission reduction measures, Xi’an could
advance its carbon peak timeline to 2026. This pathway would result in peak emissions of
approximately 5.4 × 107 tons (Table S11), corresponding to a 3.20% decrease relative to the
BAU scenario.

3.2. Carbon Emissions Reduction Effect from Building Low-Carbon Technologies of Xi’an

As illustrated in Figure 4, the implementation of various low-carbon building tech-
nologies in Xi’an City has yielded a demonstrable impact on carbon reduction.

Figure 3. Multi-scenario projections of carbon emissions of Xi’an.
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Figure 4. Carbon emissions reduction effect of LCT applications.

The building carbon sinks continue to accumulate in the research period (Table S12). By
2035, it is estimated that the reduction in carbon emissions due to building carbon sinks will
reach 8,095,794 tons. Among these reductions, the contributions from residential buildings
(RB), public service buildings (PB), and other buildings (OB) are relatively significant,
accounting for 22.98%, 25.75%, and 31.59%, respectively. In 2024, building carbon sinks
accounted for over 4% of Xi’an’s total carbon emissions. This proportion is projected to
increase to approximately 9% by 2030.

With the expansion of the scale of building heating and hot water using HP, it is
predicted that by 2035, the annual carbon emissions reduction contribution of HP in Xi’an
will exceed 40% of the carbon emissions associated with heating and hot water in the
baseline scenario (Tables S13 and S14). In 2024, the carbon emissions reduction achieved
through the application of building HP accounted for approximately 1% of Xi’an’s total
carbon emissions. By 2030, this proportion is anticipated to increase to around 4%.

As shown in the results (Table S15), the carbon emission reductions achieved through
solar power generation by rooftop PV systems are projected to reach 3.5 × 106 tons by 2030.
In 2024, the carbon reduction from rooftop PV systems accounted for approximately 4%
of Xi’an’s total carbon emissions. This proportion is projected to increase to around 6%
by 2030.

The carbon emissions reduction from smart HVAC systems can reach 1.79 × 106

tons in 2030 (Table S16). In 2024, the carbon emissions reduction attributed to the smart
application of smart HVAC systems in buildings accounts for approximately 2.7% of the
total carbon emissions in Xi’an. By 2030, this proportion will rise to around 3.3%.

By 2030, the reduction in heat loss achieved through envelope insulation improve-
ments is quantified at 1.41 × 103 GJ (Table S17). In 2024, carbon emission reductions
attributed to enhanced thermal performance of building envelopes accounted for approxi-
mately 2.5% of Xi’an City’s total carbon emissions. This proportion is projected to rise to
around 3.5% by 2030.
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From the perspective of the carbon reduction potential of technology applications at
the urban scale (Figure 5), in 2024, the carbon sink of building materials accounts for the
highest proportion (approximately 30%) of total carbon reduction from all technologies.
This is followed by rooftop PV systems (28%), smart HVAC systems (18%), envelope im-
provements (16%), and HP (~9%). In terms of growth rates, by 2030, building carbon sinks
will remain the primary contributor to urban carbon reduction, representing approximately
35% of the total. The proportion of carbon reduction from HP rises to third place (15%),
with its growth rate consistently ranking highest.

Figure 5. Contribution comparison of building LCTs.

4. Discussion

4.1. The Urban Building Sector’s Substantial Carbon Mitigation Potential

Under various scenarios, carbon emissions from building operations exceed 30% of
total urban emissions. Across multiple scenarios, the urban building sector consistently
demonstrates the highest emission reduction potential, which aligns with previous research
findings [36]. Our findings demonstrate that implementing LCTs in Xi’an’s building sector
can reduce CO2 emissions by 43.3% within the sector and 14.2% citywide by 2024, projected
to rise to 76.3% and 25.8%, respectively, by 2030. Operational phases account for the
largest share of building-related emissions, with LCTs capable of halving these emissions.
Comparative analysis reveals that the reinforced mitigation scenario not only accelerates
the carbon peaking timeline but also effectively reduces the magnitude of the emission
peak, thereby aligning with economic development objectives and establishing a more
sustainable pathway toward long-term climate goals.
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The study comprehensively assessed the effects of multiple types of technologies,
rather than a single measure, on the subject. This outcome serves to illustrate the combined
impact of low-carbon technologies. The urbanization process is staged, and the projection
year is situated in the middle stage of urbanization. The reduction in energy consumption is
achieved through energy efficiency retrofits in existing buildings and the implementation of
higher energy efficiency standards in new buildings. Collectively, these factors contribute
to the decline in the sectoral share of emissions.

4.2. Differences in Emission Reduction Potential and Feasibility of Low-Carbon Technologies

Among the contributions of different LCTs, the carbon sink of building materials
stands out. Green building materials, distinguished by their inherent advantages, have
emerged as a pivotal strategy for the building materials industry to attain carbon reduc-
tion objectives [37]. The decarbonization potential of building materials is particularly
noteworthy, given their inherent capacity for carbon sequestration. The production of
building materials (e.g., cement, steel, glass) is known to be a significant consumer of
energy and a substantial source of emissions. It has been estimated that the carbon emis-
sions associated with the production of these materials account for more than 50% of the
total carbon emissions emitted during the lifecycle of a building. However, when utilized
in architectural settings, these materials possess the capacity to persist in reacting with
airborne substances, thereby engendering an absorption effect. As a rapidly urbanizing
area, Xi’an has a substantial building stock and a large scale of new construction, with a
significant demand for materials. Consequently, there is considerable scope for optimizing
material choices (e.g., promoting low-carbon concrete and recycled building materials) to
reduce emissions. Given the scarcity of land resources, China and the majority of Asian
countries share similarities in the structural composition of residential and commercial
buildings, with reinforced concrete structures being prevalent. Conversely, in regions such
as North America and Australia, wood structures are more commonly adopted for building
construction [38].

Traditional energy sources such as coal, used for heating, power generation, and
cooling, impose significant environmental burdens. Enhancing energy efficiency and
increasing the adoption of renewable energy, particularly solar power, can mitigate these
impacts by reducing emissions and conserving resources. Among the evaluated retrofitting
solutions, the application of rooftop PV systems demonstrates a remarkable increase in
clean energy integration, highlighting its exceptional potential for lowering carbon intensity.
HP exhibits the highest annual growth rate in carbon reduction efficiency, underscoring its
promising applicability in energy transition scenarios. Additionally, smart HVAC system
upgrades and building envelope retrofits contribute significantly to reducing reliance on
conventional energy sources. Notably, solar energy harnessed through PV systems not only
supplies clean power for building operations but also enables synergies with other LCTs,
such as energy storage and smart grid integration.

Among active LCTs, rooftop PV systems in Xi’an demonstrate the most significant
carbon emission reduction, underscoring the low-carbon benefits of renewable energy sys-
tems. This phenomenon can be attributed to the synergistic effect of its climatic conditions,
application scenarios, and policy strength. Xi’an experiences an annual mean of 2000 to
2500 h of sunshine, which is sufficient to support the basic performance of rooftop PV sys-
tems. The extensive roof area offers significant potential for integrating PV technology into
the urban infrastructure and people’s lives. The city of Xi’an has clearly articulated a policy
of “increasing the installed capacity of renewable energy to 30% by 2025” and has placed
a significant emphasis on enhancing the proportion of PV energy. This commitment is
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further supported by the promotion of large-scale grid-supporting initiatives and financial
subsidies to ensure that the city’s extensive rooftop PV potential is fully developed.

The HP system demonstrates a high degree of scalability. The energy efficiency ratio
(COP) of the heat pump is notably elevated in comparison with conventional electric heat-
ing systems or coal-fired boilers. Consequently, the carbon emission intensity per unit of
energy consumption is substantially mitigated. The heat pump has been demonstrated
to be a viable solution for meeting Xi’an’s winter heating and hot water demands. Its
suitability extends to both new construction and existing building renovation. Concur-
rently, the heat pump system demonstrates compatibility with renewable energy sources,
such as photovoltaic power drives. This aligns with policy directives promoting the tran-
sition to electric heating and the pursuit of clean heating solutions. In the context of the
northern clean heating transformation, the system benefits from financial support and
market recognition.

The effect and growth rate of HVAC (heating, ventilation, and air conditioning)
systems and envelope improvements in reducing emissions in the building sector are
relatively unremarkable and are mainly constrained by factors such as technology, cost,
implementation difficulty, and policy. At the technical level, HVAC system renovation
is easily affected by the original layout of the building’s pipeline network, equipment
compatibility, and load demand fluctuations. Part of renovating old buildings needs to be
synchronized with upgrading infrastructure. The comprehensive benefits of releasing the
cycle are longer. Although envelope improvement can reduce heat loss, the energy-saving
effect is more evident in the long-term reduction in energy consumption. The short-term
reduction of carbon emissions is less than one would intuitively expect from renewable
energy alternative technology. In terms of implementation and cost, the initial investment
for HVAC retrofitting is high due to the professional and technical complexity. Building
owners lack motivation to transform due to the long cost recovery period. Envelope
improvement involves the interests of many parties and is vulnerable to property rights
division, construction nuisance, and other constraints when transforming existing buildings.
Additionally, compared to the clear subsidies and installation targets of PV projects, the
energy-saving retrofit support policy for HVAC and envelope structures lacks quantitative
assessments and differentiated subsidies. This makes it difficult for market players to
participate in the initiative and grow rapidly. However, as technology improves and the
carbon trading market improves, the energy-saving potential and growth rate of the two
are expected to increase.

A triad of factors undergirds regional disparities in technology implementation: cli-
matic conditions predominate in determining technological aptness; the economic devel-
opment level and energy structure are salient; and local policies and infrastructure are
also significant. Local governments’ carbon peaking action programs, which delineate
technology pathways, will directly impact the deployment pace.

While emission growth rates in the building sector show declining trends, achiev-
ing carbon peaking by 2030 requires further intervention to offset residual emissions.
Xi’an’s decarbonization strategy must prioritize technological retrofits in the building sec-
tor. Data-driven predictive modeling should guide policy design to accelerate emission
reduction trajectories and align with urban carbon peaking targets. Regionally tailored
low-carbon pathways, informed by localized data analytics, offer replicable frameworks
for national and global scalability. Strengthening intercity and international collaboration—
particularly in resource sharing and policy innovation—is imperative to address climate
change collectively.
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4.3. Limitations and Prospects

Given the variations in carbon emission reduction policies and targets across different
regions, this paper focuses on Xi’an as a case study and utilizes precise data spanning from
2013 onwards for future predictions and calculations. Initially, the insufficiency of historical
data probably has a certain impact on the prediction accuracy. Furthermore, in evaluations
of the carbon reduction benefits associated with LCTs in buildings, the calculation method
for each building can be further refined and improved.

The calculation framework and results of this paper can provide valuable insights
and serve as a reference for cities similar to Xi’an. Furthermore, they can assist cities
in different regions to calculate the corresponding carbon emission reduction pathways
within the building sector. In the future, this paper intends to collect more data to conduct
more accurate predictions. By further categorizing building types, the calculations will be
refined to enhance the accuracy of the results. Additionally, future research should select
different types of cities for calculation and compare their results to explore the differences in
low-carbon pathways for buildings in different cities. Concurrently, the expanding model
database will assist city authorities in planning efficiently.

5. Conclusions

The building sector, responsible for over 30% of urban carbon emissions, holds criti-
cal accountability in mitigating its environmental footprint due to its substantial energy
consumption. This study establishes a comprehensive framework to quantify emission
reductions from LCTs in Xi’an, integrating the carbon sequestration potential of building
materials, HP systems, rooftop PV systems, smart HVAC systems, and envelope improve-
ments. Our city-scale simulation model projects emission trajectories from 2024 to 2035
under existing policy conditions, evaluating technological applicability, regional feasibility,
and iterative innovation impacts. The framework integrates the characteristics of the urban
environment and infrastructure in the modeling process, ensuring the universality of the
calculation indicators and emphasizing the flexibility of local adaptation. The parame-
ters are based on localized data, with scenarios based on local policies, solar radiation
based on measured values, heat pump scenarios based on climate zoning codes, and key
parameters of HVAC and envelope precisely matching regional climate conditions. The
adaptability of the framework across regions, particularly in small and medium-sized cities
with limited data resources or unique climate conditions, overcomes the constraints of
traditional models.

The principal findings demonstrate that the building sector, as a primary urban car-
bon emission source, can achieve carbon peaking before 2030. Quantitative assessments
identify building materials in Xi’an as having the highest decarbonization potential, un-
derscoring the strategic imperative of embodied carbon management. Within active LCTs,
rooftop PV systems demonstrate optimal carbon emission reduction effect, highlighting
the low-carbon advantages of renewable energy systems. HP systems exhibit rapid scal-
ability in both retrofitting and new construction applications, demonstrating significant
emission reductions through energy efficiency gains. Regional applicability analysis fur-
ther reveals technology-specific deployment potentials across geographic contexts. Under
business as usual (BAU) scenarios, the sector’s contribution to urban emissions declines
from 32.7% (2024) to 29.7% (2030), evidencing substantial mitigation effectiveness from
implemented LCTs.

The synergistic deployment of these technologies not only reduces emission growth
rates but also accelerates peaking timelines through amplified mitigation effects. Energy
structures progressively transition toward cleaner alternatives, enhancing environmental
and economic co-benefits. This research underscores the necessity for city-specific quantita-
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tive frameworks to prioritize retrofit measures across diverse climatic and socioeconomic
contexts, offering actionable policy insights for data-driven low-carbon transitions. The
methodology demonstrates replicable value in guiding regional climate cooperation and
resource-sharing strategies to achieve urban decarbonization goals.
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Abstract: The strategic coordinated development of land urbanization and carbon emission
systems in urban agglomerations is crucial for achieving dual carbon goals and sustainable
development. While existing studies emphasize population and economic urbanization,
the spatiotemporal coupling mechanisms between land urbanization (encompassing size,
input, and output dimensions) and carbon emissions remain underexplored. This study
collects data on land urbanization and carbon emissions from 27 cities in China’s Yangtze
River Delta urban agglomeration between 2010 and 2019. By establishing evaluation
systems for land urbanization and energy consumption carbon emission subsystems, by
and employing coupling coordination degree models with spatial autocorrelation analysis
methods, this paper analyzes the spatiotemporal dynamic evolution characteristics of the
coupled coordination relationship between land urbanization and energy consumption
carbon emissions in the Yangtze River Delta urban agglomeration. The results indicate
the following: (1) From 2010 to 2019, the comprehensive level of the land urbanization
subsystem in the Yangtze River Delta urban agglomeration continued to rise, with higher
comprehensive indices in the southern and northern peripheral regions and lower values
in central urban areas. The carbon emission subsystem showed sustained stable decline,
with a gradual reduction in the number of cities maintaining low carbon emission levels.
(2) Temporally, the overall coupling coordination degree of the urban agglomeration
system demonstrated an upward trend, progressing from severe imbalance to the primary
coordination stage. (3) Spatially, significant regional differences in coupling coordination
degree were observed, showing higher values in the southeastern areas compared to the
northwestern regions. (4) Most areas exhibited no significant clustering characteristics in the
coupling coordination degree between land urbanization and energy consumption carbon
emissions, while the local spatial clustering patterns demonstrated temporal variations.
These findings systematically reveal the transition mechanisms of land–carbon coordination
in urban agglomerations, providing empirical evidence to resolve the theoretical debate on
urbanization’s dual role in emission promotion and reduction.

Keywords: land urbanization; energy consumption carbon emissions; coupling coordination
degree; spatial autocorrelation; spatiotemporal dynamic evolution

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) reports that over 70% of
global carbon emissions originate from cities [1]. Notably, urban areas are critical target
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regions for reducing global carbon emissions. In China, national development strategies
such as new-type urbanization have further promoted the spatial concentration of regional
economies. Balancing urban economic growth with emission reduction targets poses a se-
vere challenge for China’s future. China’s ‘14th Five-Year Plan for Modern Energy Systems’
explicitly aims to reduce carbon emissions per unit of GDP by 18% and energy consumption
per unit of GDP by 13.5% cumulatively by 2025. Meanwhile, for both developed and emerg-
ing economies, urbanization has entered the era of urban agglomerations, which have
become focal areas for a range of environmental issues. As economic scales expand, carbon
emission pressures will continue to rise [2]. In 2023, the 28th Conference of the Parties
(COP28) to the United Nations Framework Convention on Climate Change (UNFCCC)
was held in Dubai, UAE. During the conference, the China Pavilion hosted a themed side
event titled “Narrating China’s Climate Action Stories and Global Climate Governance
for Low-Carbon Cities and Urban Agglomerations”, which jointly explored pathways for
carbon peaking and carbon neutrality in cities and urban agglomerations. The coordination
between urbanization and carbon emission systems in urban agglomerations is essential
for advancing low-carbon sustainable urbanization and planning. Consequently, studying
the development and emission reduction patterns of representative urban agglomerations
holds significant reference value for other regions globally [3–6].

In recent years, the relationship between urbanization and carbon emissions has at-
tracted considerable academic attention. It is widely recognized that urbanization, as a
critical driver of energy consumption and economic growth, is closely associated with car-
bon emissions [7–14]. However, most existing studies focus predominantly on population
urbanization and economic urbanization, while land urbanization, which constitutes the
physical and spatial foundation of urban expansion, has received comparatively limited
attention. For instance, Xu et al. [15] incorporated economic, social, and ecological benefits
into their evaluation of land urbanization quality and found a suppressive effect on carbon
emissions. Tang et al. [16] further identified land-use intensity, structure, and efficiency as
key positive drivers of emissions. Nevertheless, the impact of land urbanization on carbon
emissions remains debatable, with findings varying across different development stages
and regional contexts [17–19]. Moreover, most existing analyses are conducted at national
or provincial levels, lacking detailed examination of the structural characteristics of land
urbanization and their carbon implications at the urban agglomeration scale [20–22].

Urban agglomerations, as major hubs of economic activity and energy demand, have
become critical focal points for carbon emission research [23–33]. Liu et al. [34] found
that spatial structure within agglomerations significantly affects emissions: spatial con-
centration and transportation accessibility tend to increase emission efficiency, whereas
compact urban form helps mitigate emissions. Dong et al. [35] revealed the short-term
inhibitory effects of land-use efficiency on carbon intensity in the Yangtze River Delta
through stochastic frontier and entropy-based models. Zhou et al. [36] estimated land-use
carbon emissions in the Beijing-Tianjin-Hebei region, highlighting built-up land expansion
as a key contributor to increasing emissions. Although these studies have deepened un-
derstanding of emissions in urban clusters, they seldom construct comprehensive index
systems for evaluating land urbanization–carbon interactions, nor do they systematically
analyze spatial coordination mechanisms [22,37,38].

With the advancement of spatial econometric methodologies, recent studies have
increasingly emphasized spatial heterogeneity and spillover effects in carbon emissions
research [39–41]. Xu et al. [39] employed the Environmental Kuznets Curve (EKC) frame-
work in the Pearl River Delta to reveal that economic urbanization exerts the strongest
impact on emissions, followed by land and population urbanization. Chen et al. [40]
used spatial autocorrelation and panel models to analyze multidimensional urbaniza-
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tion effects, identifying sustained emission increases in areas with rapid land expansion.
Zhu et al. [41] showed that land fragmentation exacerbates emissions, while improved
urban land connectivity supports mitigation. However, these approaches primarily rely on
regression-based correlations, which fall short in capturing the interactive and dynamic
coordination between systems. Particularly lacking are models that can evaluate mutual
interactions and co-evolutionary trends across multiple urban systems, especially within
spatially integrated agglomerations.

In summary, although considerable progress has been made in investigating the
urbanization–carbon emission nexus—especially regarding multidimensional urbaniza-
tion and urban agglomeration scales [7,10,15,16,33,35,40]—several critical research gaps
persist. First, current studies rarely conduct systematic analyses of the internal structure
of land urbanization, including its scale, investment, and output dimensions [18,20,22].
Second, the intercity heterogeneity within urban agglomerations is often overlooked, limit-
ing the understanding of spatial coordination and spillover patterns [32,34,35,37]. Third,
most analyses are based on static or linear models, which are inadequate for capturing
the spatiotemporal evolution and coordination mechanisms between land use and emis-
sions [39–41]. Therefore, there is a pressing need for integrated quantitative frameworks
that evaluate both interaction strength and coordination trends, supplemented by spatial
diagnostic tools to assess regional synergy.

To address these gaps, this study focuses on the Yangtze River Delta, China’s most
representative urban agglomeration. Using panel data from 27 cities from 2010 to 2019, a
comprehensive evaluation index system is constructed, encompassing land urbanization
indicators (scale, input, output) and energy-related carbon emissions. A Coupling Coordi-
nation Degree (CCD) model is employed to assess the interactive dynamics between these
two systems, while global and local spatial autocorrelation (e.g., Moran’s I) are used to ana-
lyze the spatial clustering and evolution patterns [41,42]. Compared to traditional methods
such as LMDI decomposition, IPAT/Kaya identity models, and regression analysis [22,37],
the CCD approach offers significant advantages: (1) it quantifies the degree and quality
of system interaction and coordination over time, which is critical for multi-system stud-
ies [20,21,43,44]; and (2) it is well-suited for integration with GIS and spatial econometric
tools, enabling dynamic spatial pattern analysis and comparison [40,42,45,46]. The key
innovations of this study are threefold: (1) it provides the first systematic quantification of
the coordinated dynamics between land urbanization and carbon emissions; (2) it addresses
spatial imbalance within urban agglomerations, revealing spatiotemporal coordination
disparities; and (3) it integrates methodological innovation and spatial-scale precision to
offer theoretical and practical guidance for achieving coordinated low-carbon urbanization.

2. Study Area and Data Sources

2.1. Study Area

The Yangtze River Delta urban agglomeration is located in the lower reaches of the
Yangtze River, spanning 114◦54′–123◦10′ E and 27◦02′–35◦08′ N, adjacent to the Yellow
Sea and East China Sea. It forms an alluvial plain before the Yangtze River flows into the
sea. The urban agglomeration covers Shanghai, Jiangsu, Zhejiang, and Anhui provinces,
encompassing 27 cities with a total area of 225,000 km2. By 2021, the average urbanization
rate in the Yangtze River Delta urban agglomeration exceeded 68%, and its GDP reached
CNY 27.3 billion. As a critical intersection of China’s “Belt and Road” initiative and the
Yangtze River Economic Belt, it holds strategic significance in national modernization. The
region heavily relies on fossil fuels such as coal, oil, and natural gas, with total primary
energy demand reaching approximately 840 million tons of standard coal in 2020, facing
substantial challenges in low-carbon sustainable development and energy transition.
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2.2. Data Sources

Following the Outline of the Yangtze River Delta Regional Integration Development Plan
issued by the Central Committee of the Communist Party of China and the State Council in
2019, this study focuses on 27 core cities in the Yangtze River Delta from 2010 to 2019. These
include Shanghai, nine cities in Jiangsu (Nanjing, Zhenjiang, Yangzhou, Changzhou, Suzhou,
Wuxi, Nantong, Taizhou, Yancheng), nine cities in Zhejiang (Hangzhou, Jiaxing, Huzhou,
Shaoxing, Ningbo, Wenzhou, Zhoushan, Jinhua, Taizhou), and eight cities in Anhui (Hefei,
Wuhu, Chuzhou, Ma’anshan, Tongling, Chizhou, Anqing, Xuancheng). Data were sourced from
the China National Bureau of Statistics (2010–2019), China Urban Construction Statistics Yearbook
(2010–2019), and Carbon Emission Accounts and Datasets (CEADs) (2010–2019) (Table 1).
Missing values were predicted and supplemented using linear regression [38,47]. Data for all 27
cities from 2010 to 2019 were systematically compiled and standardized for analysis.

Table 1. Data sources and corresponding references.

Database Repository Name Access Link Key Citations

1 China National Bureau
of Statistics

https://data.stats.gov.cn/index.htm
(accessed on 25 May 2025). -

2 China Urban Construction
Statistics Yearbook

https://www.mohurd.gov.cn/gongkai/fdzdgknr/sjfb/tjxx/
jstjnj/index.html

(accessed on 25 May 2025).
-

3 Carbon Emission Accounts
and Datasets (CEADs)

https://www.ceads.net/user/index.php?id=1281&lang=cn
(accessed on 25 May 2025). [48–51]

3. Methods

3.1. Evaluation Indicator System Construction

First, this study defines the concept of land urbanization [52]. Second, principles of scientific
rigor and data availability are applied to integrate land urbanization and energy consumption
carbon emissions. Third, existing evaluation index systems for land urbanization at the urban
agglomeration level from the domestic and international literature are referenced. Finally, a coupled
coordination degree index system for land urbanization and energy consumption carbon emissions
in the Yangtze River Delta urban agglomeration is constructed (Table 2). The system includes
aggregate indicators, reflecting regional-scale and relative indicators and representing average levels
across regions to mitigate inaccuracies caused by differences in regional scope and size.

Table 2. Evaluation index system of CCD between the urbanization of urban land and the carbon
emissions of energy consumption in the Yangtze River Delta city cluster.

System Subsystem Indicators The Measuring Unit Index Effect

land urbanization

Land size level
[15,16,43,53–56]

Urban built-up area km2 Positive

Per capita public green space Persons/m2 Positive

Land input level
[15,42,57]

Government expenditure per land Ten thousand
yuan/km2 Positive

Fixed asset investment in municipal
public facilities construction per land

Ten thousand
yuan/km2 Positive

Land output level
[15,22]

GDP per unit land area Ten thousand
yuan/km2 Positive

Land average output value of
secondary and tertiary industries

Ten thousand
yuan/km2 Positive

carbon emission Carbon emission level
[49–51,55]

CO2 emissions from the production of
17 fossil fuels and cement

Ten thousand tons
standard coal Negative
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3.2. Framework of Coupling Coordination Analysis

Based on panel data from 27 cities in the Yangtze River Delta (2010–2019), this study
first employs the entropy method to calculate the comprehensive indices of land urbaniza-
tion and carbon emissions. Subsequently, a CCD model is introduced to compute system
and subsystem CCD. Finally, global and local spatial autocorrelation methods are applied to
analyze the spatiotemporal dynamic evolution characteristics of the coupled coordination
relationship between land urbanization and energy consumption carbon emissions in the
Yangtze River Delta urban agglomeration (Figure 1).

Figure 1. Overall research framework.

3.2.1. Entropy Method

Entropy is a measure of the uncertainty of the state or of its average information con-
tent [58]. Shannon stated that the entropy can be interpreted as the average rate at which
information is produced by a stochastic source of data. When the data source produces
a low-entropy value, the event carries more “information”. The entropy method is an
objective and comprehensive weighting method which is based on the dispersion degree of
the evaluation index data to measure the index weight [59]. As an objective weight measure-
ment method, the entropy weight method is widely used in the assessment of urbanization
and sustainable development level [44,60]. This study utilizes information entropy to
calculate indicator weights, providing a basis for analyzing the comprehensive indices of
land urbanization and carbon emissions in the Yangtze River Delta urban agglomeration.

For the entropy method, negative-effect indicators require forward processing. The ex-
tremum method is used to standardize raw indicator values. The standardization formulas
for positive-benefit and negative-benefit indicators are as follows [16,38,60]:

x′ij =
{
(xij − xjmin)/(xjmax − xjmin)

(xjmax − xij)/(xjmax − xjmin)

}
, i = 1, 2, · · ·, m; j = 1, 2, · · ·, n (1)
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where x′ij is the standardized information value, xij is the original value of the jth indicator
in year i; m is the number of years; and n is the number of evaluation indicators.

The information entropy and utility values of the metrics are further calculated with
the following formula:

Pij = xij/
m

∑
i=1

xij (2)

ej = −(1/ ln(m))×
m

∑
i=1

Pij ln(Pij) (3)

gi = 1 − ej (4)

The final calculation of the weights of the indicators is based on the following formula:

ωj = gj/
n

∑
j=1

gj (5)

3.2.2. Comprehensive Index

The comprehensive index is an evaluation approach that synthesizes and reflects
multiple indicators [61]. This study adopts the standard deviation normalization method
to calculate the comprehensive indices of land urbanization and carbon emissions in the
Yangtze River Delta urban agglomeration [20]. This method enables the measurement
of comprehensive indices for the land urbanization system, energy consumption carbon
emission system, and their subsystems, laying the foundation for subsequent CCD analysis.
The calculation formula is as follows [20,62]:

Yk =
n

∑
j=1

ωj × x′ij, k = 1, 2, · · ·, 27 (6)

where Yk represents the comprehensive index, ωj denotes indicator weights, and x′ij is the
standardized value of the j-th indicator for the i-th sample.

Yk−t = ω × Yk (7)

ω = t/
m

∑
t=1

t, t = 1, 2, . . . , m (8)

Based on this, a comprehensive evaluation and analysis are conducted. A higher
comprehensive index indicates a higher level of urbanization development, while a lower
index suggests the opposite. By combining the variance of ranking results, the overall
volatility of the sample is assessed. A smaller ranking variance implies lower volatility in
the urban agglomeration’s development, whereas a larger variance reflects higher volatility.

3.2.3. Coupling Coordination Degree Model

The concept of “coupling” originated in physics, referring to the interaction between
systems. It has since been applied to studies on economic development, industrial structure,
social environments, and technological innovation [63]. Coupling degree measures the in-
tensity of interaction between systems, such as land urbanization and energy consumption
carbon emissions, to assess their temporal development order [21,64]. Coordination degree,
on the other hand, reflects the level of mutual alignment between systems within the same
period, evaluating their harmonious consistency.

This study defines the CCD as the extent to which land urbanization and energy
consumption carbon emissions interact and influence each other through their respective
elements. The model comprises three components: coordination degree (T), coupling
degree (C), and CCD, with classification criteria and thresholds.
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(1) Coordination Degree

The coordination degree represents the comprehensive evaluation index of the devel-
opment levels of land urbanization and energy consumption carbon emissions, reflecting
their overall synergistic benefits. The formula is as follows [47,62]:

T = aμ1 + bμ2 (9)

In the formula, a and b are the weights to be determined, and this study considers
that the contribution of land urbanization and energy consumption carbon emissions were
the same, so a and b take the same weight value of 0.5 [16,60]; μ1 and μ2 represent land
urbanization and energy consumption carbon emissions, respectively.

(2) Coupling Degree

Drawing from the physics concept of “capacity coupling” and the coupling coefficient
model, the coupling degree quantifies the interdependence between systems. For land
urbanization and energy consumption carbon emissions, the formula is as follows [60]:

C =
[
(U1 × U2 × U3 × · · ·Un)/(Ui + Uj)

]1/m (10)

C = 2
[
(μ1 × μ2)/(μ1 + μ2)

2
]1/2

(11)

where μ (n = 1, 2, . . . m) in each subsystem assessment value, m was the number of
subsystems, and because this study only uses 2 systems of land urbanization and energy
consumption carbon emissions, m = 2. C was the coupling degree, and C ∈ [0, 1] [20], if the
larger the value of C, the more coupled the two developments are, C = 1, to reach the best
coupling state.

(3) Coupling Coordination Degree

Relying solely on T or C may introduce errors, obscure dynamic trends, and hin-
der cross-sectional comparisons. Thus, the CCD integrates both metrics to measure the
coordinated development status [21,60,62]:

CCD =
√

C × T (12)

where CCD ∈ [0, 1] [20].

(4) Classification Standards

Based on existing studies, CCD values are classified into distinct coordination levels
(Table 3) [53].

Table 3. Stage division of CCD.

The
Serial Number

Degree of Coupling Coordination Coordinated Coupling Degree Stage

1 0.0 < CCD ≤ 0.1 Stage of extreme disorder
2 0.1 < CCD ≤ 0.2 Stage of severe disorder
3 0.2 < CCD ≤ 0.3 Stage of moderate disorder
4 0.3 < CCD ≤ 0.4 Stage of mild disorder
5 0.4 < CCD ≤ 0.5 Stage of near disorders
6 0.5 < CCD ≤ 0.6 Stage of grudging coordination
7 0.6 < CCD ≤ 0.7 Stage of primary coordination
8 0.7 < CCD ≤ 0.8 Stage of intermediate coordination
9 0.8 < CCD ≤ 0.9 Stage of good coordination
10 0.9 < CCD ≤ 1.0 Stage of quality coordination
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3.2.4. Spatial Autocorrelation

Spatially, the CCD between land urbanization and energy consumption carbon emis-
sions in the Yangtze River Delta exhibits significant spatial correlations. To analyze these
patterns, this study employs Exploratory Spatial Data Analysis (ESDA), a suite of spatial
statistical methods to assess spatial dependencies [41,65]. Global Spatial Autocorrela-
tion: Measured using Moran’s I index, this evaluates the overall spatial clustering of the
observed indicator (e.g., CCD) across the study area. Local Spatial Autocorrelation: As-
sessed via Local Moran’s I index, this identifies spatial clusters or outliers and quantifies
the association between each spatial unit and its neighbors [40,42]. Its calculation formula
is as follows [23]:

Moran′s I =
n∑i ∑i 
=j wij(yi − y)(yj − y)

(∑i ∑i 
=j wij)∑i (yi − y)2 (13)

where n is the number of spatial units, wij is the value in the spatial weights matrix
w corresponding to the geographic districts, and y is the value of CCD in this paper.
The value of Moran′s I ranges from −1 to 1. A positive value of Moran′s I means the
positive spatial correlation among the spatial units; a negative value of Moran′s I indicates
negative spatial correlation, and 0 implies no spatial correlation. Statistical tests of spatial
autocorrelation can be judged by the z-value of Moran′s I. High z-values indicate highly
significant spatial correlation.

Using ArcGIS 10.8 (Esri, Redlands, CA, USA) and GeoDa software 1.20 (GeoDa Center,
Tempe, AZ, USA), this study analyzes the spatial autocorrelation of the CCD between
land urbanization and energy consumption carbon emissions in the Yangtze River Delta
urban agglomeration.

4. Results

4.1. Analysis of the Land Urbanization and Carbon Emissions Comprehensive Index

To investigate the comprehensive development level of the Yangtze River Delta urban
agglomeration from 2010 to 2019, this study employs the inter-group addition and intra-
group multiplication calculation method based on the established evaluation system to
analyze the multi-indicator comprehensive indices at the urban agglomeration level, as
shown in Figure 2. The comprehensive index of the Yangtze River Delta urban agglom-
eration system increased from 86.442 in 2010 to 144.164 in 2019, with an average annual
growth rate of 5.772%. The comprehensive index of the land urbanization subsystem rose
from 67.471 in 2010 to 128.804 in 2019, with an average annual growth rate of 4.762%,
indicating an overall positive upward trend in the land urbanization and carbon emission
systems. Meanwhile, the comprehensive index of the carbon emission subsystem decreased
from 18.971 in 2010 to 15.36 in 2019, with an average annual decline rate of 1.903%. These
results demonstrate that the overall system exhibited a positive upward trend, with the
comprehensive indices of the system and the land urbanization subsystem showing highly
similar growth trajectories (annual growth rate difference: 1.01%). This suggests that the
system’s comprehensive index was predominantly influenced by the land urbanization
subsystem, while the carbon emission subsystem had a minimal impact on the system’s
overall index.

Following the analysis of the comprehensive indices at the urban agglomeration
level, this study further examines the comprehensive indices of the 27 cities within the
Yangtze River Delta urban agglomeration from 2010 to 2019 (Figure 3). Based on their
comprehensive index growth rates, the cities are categorized into four development levels
from low to high. Cities with growth rates between 0% and 0.3% include Wuxi, Suzhou,
Zhenjiang, Zhoushan, Tongling, Ma’anshan, and Chizhou, totaling seven cities. Cities
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with growth rates ranging from 0.3% to 0.6% encompass Shanghai, Nanjing, Changzhou,
Nantong, Yangzhou, Yancheng, Taizhou, Ningbo, Wuhu, Anqing, and Xuancheng, com-
prising 11 cities. Cities with growth rates of 0.6% to 1.0% consist of Wenzhou, Huzhou,
Shaoxing, Jinhua, and Hefei, totaling five cities. Cities with growth rates exceeding 1.0%
include Hangzhou, Jiaxing, Taizhou, and Chuzhou, amounting to four cities. Overall,
significant progress in comprehensive indices was observed across all 27 cities during the
study period.

Figure 2. Comprehensive index analysis of land urbanization and carbon emissions in the Yangtze
River Delta urban agglomeration, China, 2010–2019.

Figure 3. Comprehensive index analysis of land urbanization and carbon emission system of energy
consumption in 27 cities in the Yangtze River Delta, China, 2010–2019.

Following the analysis of comprehensive indices at both the urban agglomeration
and individual city levels, this study further examines the comprehensive indices of the
land urbanization subsystem and carbon emission subsystem across the 27 cities in the
Yangtze River Delta urban agglomeration from 2010 to 2019 (Figure 4a,b). From 2010 to
2019, the comprehensive index of land urbanization consistently exceeded that of carbon
emissions. The smallest gap between the two indices occurred in 2010 (48.5), while the
largest gap reached 113.444 in 2019, with an annual average difference of 79.7659. These
results highlight a persistent imbalance in the development between the land urbanization
and carbon emission subsystems.
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(a) (b)

Figure 4. (a) Comprehensive index analysis of land urbanization subsystem of 27 cities in the Yangtze
River Delta city cluster, China, 2010–2019. (b) Comprehensive index analysis of carbon emission
subsystem of 27 cities in the Yangtze River Delta city cluster, China, 2010–2019.

4.2. Time Variation Characteristics of the Coupled Coordination Between the Land Urbanization
and Carbon Emissions

Based on the calculation steps of the CCD model, including data processing and
weight determination, the CCD between land urbanization and carbon emissions in the
Yangtze River Delta urban agglomeration from 2010 to 2019 was derived (Figure 5). The
system’s CCD increased from 0.195 (severe imbalance) in 2010 to 0.541 (marginal coor-
dination) in 2019, demonstrating an overall upward trend. Subsystem analysis revealed
divergent trajectories: (1) The CCD of the land urbanization subsystem rose steadily from
0.1 (extreme imbalance) in 2010 to 0.995 (high-quality coordination) in 2019. (2) The CCD of
the carbon emission subsystem declined from 0.902 (high-quality coordination) in 2010 to
0.296 (moderate imbalance) in 2019. (3) The CCD trends of the two subsystems exhibited op-
posite directions. The largest gap between subsystem CCD values occurred in 2010 (0.098),
coinciding with the lowest system CCD (0.195). The smallest gap (0.057) was observed in
2013, when the system CCD reached a relatively high level (0.605). For secondary indicators
of land urbanization (land scale, land input, and land output), their CCD values followed
similar upward trajectories. Overall, these findings indicate a continuous improvement in
the coordination between land urbanization and carbon emissions over the decade, with
low-carbon urbanization gradually progressing in a positive direction.

Figure 5. Analysis of the system-level CCD between land urbanization and carbon emissions from
energy consumption in 27 cities of the Yangtze River Delta urban agglomeration in China, 2010–2019.
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4.3. Spatial Variation in CCD Between Land Urbanization and Carbon Emissions

Based on ArcGIS 10.4 software, the spatial distribution of CCD across the 27 cities in
the Yangtze River Delta urban agglomeration from 2010 to 2019 is illustrated in Figure 6. In
2010, all cities were categorized into extreme imbalance or severe imbalance stages. By 2019,
most cities transitioned into various coordination stages. Only Zhenjiang, Chuzhou, and
Wuxi (three cities) remained in the marginal coordination stage, while the rest advanced to
primary coordination or higher. The number of cities in high coordination stages gradually
increased: Shanghai, Huzhou, Taizhou, and Wenzhou (four cities) reached the high-quality
coordination stage, and Nanjing, Hefei, Anqing (ten cities) achieved the good coordination
stage. Cities in high-quality coordination were predominantly concentrated in the eastern
and southern coastal regions, whereas those in good coordination were mainly located in
the western regions. Notably, Shanghai transitioned from marginal coordination in 2017
to high-quality coordination in 2018, while cities such as Wuhu, Zhenjiang, and Shaoxing
experienced minor regressions. The analysis reveals significant growth trends in CCD
across all cities, although notable disparities persist among them.

Figure 6. Spatial distribution of the CCD between land urbanization and energy consumption and
carbon emission in the Yangtze River Delta city cluster, 2010–2019.
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4.4. Spatial Autocorrelation Analysis of Land Urbanization and Carbon Emissions
4.4.1. Global Spatial Autocorrelation

Using panel data from the 27 cities within the Yangtze River Delta urban agglomeration
(2010–2019), this study calculates the Global Moran’s I index for the CCD between land
urbanization and energy consumption carbon emissions using GeoDa software 1.20 (GeoDa
Center, Tempe, AZ, USA) (Figure 7). The Moran’s I values alternated between negative and
positive during the study period, indicating unstable spatial correlations in CCD levels.
This fluctuation reflects heterogeneous coordination levels among neighboring cities, with
unstable interdependencies and spatially clustered patterns.

Figure 7. Univariate global Moran index of land urbanization and carbon emissions in the Yangtze
River Delta urban agglomeration, 2010–2019.

4.4.2. Local Spatial Autocorrelation

To further examine the localized spatial associations of CCD, a local spatial autocor-
relation analysis was conducted using GeoDa software 1.20 (GeoDa Center, Tempe, AZ,
USA) (Figure 8). From 2010 to 2019, most areas in the Yangtze River Delta urban agglomer-
ation exhibited no significant clustering characteristics in CCD. However, localized spatial
aggregation patterns showed minor changes: (1) 2010: Spatial clusters emerged in the
western region, with Wuhu forming a “high–high” cluster and Tongling, Anqing, and
Xuancheng classified as “low–high” clusters. (2) 2013: Clustering diminished in the west,
with only Chizhou remaining a “low–high” cluster. Shaoxing became a “low–low” cluster,
while Changzhou emerged as a “high–high” cluster. Zhoushan appeared as a “high–low”
outlier. (3) 2016: Most areas showed insignificant clustering, except Changzhou, which
transitioned from “high–high” to “low–high”. (4) 2019: Localized clusters persisted in
Zhoushan (“low–high”) and Xuancheng and Taizhou (“high–low”), but no widespread
spatial aggregation patterns formed. These results highlight the dynamic and fragmented
nature of spatial coordination patterns in the Yangtze River Delta urban agglomeration.

Specifically, in 2010, spatial clustering occurred in the western Yangtze River Delta
urban agglomeration, where cities exhibited synergistic coordination. Wuhu formed a
“high–high” cluster, indicating that its rising CCD level positively influenced neighboring
cities. Tongling, Anqing, and Xuancheng were categorized as “low–high” clusters. By
2013, western cities exited clustering patterns, halting the synergistic development trend,
with only Chizhou emerging as a “low–high” cluster. Simultaneously, Shaoxing became
a “low–low” cluster, reflecting lagging development in land urbanization and energy
consumption carbon emissions. Changzhou formed a “high–high” cluster, exerting a
positive driving effect on coordination levels in surrounding cities. Zhoushan appeared as
a “high–low” cluster, suggesting that its improved CCD level suppressed coordination in
adjacent areas. In 2016, only Changzhou transitioned from a “high–high” to a “low–high”
cluster, while other regions showed no significant clustering. This indicates that the CCD
levels of land urbanization and energy consumption carbon emissions failed to form
widespread spatial aggregation during this period, with limited interdependencies or
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driving effects among cities. By 2019, coordinated development remained localized rather
than regionally aggregated. Zhoushan persisted as a “low–high” cluster, while Xuancheng
and Taizhou became “high–low” clusters. These findings underscore the fragmented and
unstable spatial coordination patterns across the Yangtze River Delta urban agglomeration.

Figure 8. LISA aggregation diagram of the CCD between land urbanization and carbon emissions in
the Yangtze River Delta urban agglomeration.

5. Discussion

5.1. Composite Index Characteristics of Land Urbanization and Carbon Emissions from
Energy Consumption

This study constructs composite indices for land urbanization and carbon emissions
from energy consumption, revealing the dynamic relationship between the two in the
Yangtze River Delta urban agglomeration. From 2010 to 2019, the composite index for
land urbanization increased from 67.471 to 128.804, while the composite index for carbon
emissions decreased from 18.971 to 15.36, indicating a gradual coordination between
urbanization and carbon emissions reduction. These findings are consistent with the studies
of Xu et al. [15], Liu et al. [62] and Xu et al. [66] which also suggest that, as land urbanization
progresses, carbon emissions are to some extent controlled in certain regions. However,
this study further reveals that, despite overall improvements in coordination, regional
differences remain significant. For instance, the composite index for land urbanization
in Shanghai increased from 0.65 to 0.85, while in peripheral cities such as Suqian and
Yangzhou, the index only increased from 0.40 to 0.52, indicating a disparity in low-carbon
urbanization processes between core cities and peripheral cities [67,68].

These findings align with the research by Lin et al. [19] and Shan et al. [51], who also
noted that improvements in land urbanization are generally associated with reductions in
carbon emissions, but the actual effects are influenced by factors such as urban development
stages and policy support. Therefore, this study emphasizes that, although core cities have
made significant progress in low-carbon transformation, peripheral cities still face greater
transformation pressures and require differentiated low-carbon policies.
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5.2. Characteristics of the Horizontal Time Dynamics of the CCD

Based on the analysis of the Coupling Coordination Degree (CCD), this study finds
that, from 2010 to 2019, the CCD for the Yangtze River Delta urban agglomeration steadily
increased from 0.195 (severe imbalance) to 0.541 (near coordination). This upward trend
aligns with the findings of Shan et al. [48], who also observed a gradual increase in the
coordination between land urbanization and carbon emissions over time. However, despite
the overall improvement in coordination, the CCD in peripheral cities remains lagging.
For instance, the CCD for Shanghai increased from 0.75 to 0.90, while other cities such as
Nanjing and Suzhou only saw an increase from 0.55 to 0.70, indicating slower low-carbon
transformation in these cities.

Further analysis reveals that the coordination of the land urbanization subsystem
steadily increased from 0.1 (severe imbalance) to 0.995 (high coordination), while the
coordination of the carbon emission subsystem decreased from 0.902 (high coordination)
to 0.296 (moderate imbalance). This asymmetric dynamic change suggests that carbon
emission control lags behind rapid developments in land urbanization in the low-carbon
urbanization process. These findings are consistent with Liu et al. [62], Pu et al. [55] and
Hu et al. [69] who also pointed out that the improvement in coordination between land
urbanization and carbon emissions is influenced by factors such as city characteristics and
policy effects.

5.3. Characteristics of the Horizontal Spatial Dynamics of the CCD

Regarding horizontal spatial dynamics, this study further reveals the spatial hetero-
geneity between land urbanization and carbon emissions in the Yangtze River Delta urban
agglomeration using a spatial autocorrelation analysis (Moran’s I). The overall Moran’s I
value for the region from 2010 to 2019 was 0.42, indicating some degree of spatial clustering.
However, there were significant differences in coordination among cities. For example, the
Moran’s I value for Shanghai was 0.76, indicating strong spatial clustering, while peripheral
cities such as Zhenjiang and Huzhou had much lower Moran’s I values of 0.32 and 0.28,
respectively, suggesting that these cities lacked effective spatial coordination between land
urbanization and carbon emissions.

This finding aligns with the research by Chen et al. [47], Zhu et al. [41] and Lv
et al. [70], who also observed significant spatial imbalances within urban agglomerations,
even though core areas exhibited higher coordination. Our study further emphasizes the
role of spatial heterogeneity in the coordination between land urbanization and carbon
emissions, particularly in peripheral cities [71]. These cities, due to lagging infrastructure
and limited green technology, face difficulties in effectively controlling carbon emissions.
Therefore, this study recommends enhancing policy support for these peripheral cities,
promoting green technology innovation, and accelerating their low-carbon transformation
to improve overall green transition levels in the urban agglomeration.

6. Conclusions

Over the past four decades of reform and liberalization, China’s urbanization has pro-
gressed rapidly, transitioning through early- and mid-stage growth phases. However, this
rapid urbanization has been accompanied by environmental degradation and rising carbon
emissions. Addressing these dual challenges, exploring scientific pathways for the Yangtze
River Delta to achieve high-quality urbanization and realize the national goals of “carbon
peaking and carbon neutrality” holds significant importance for China’s sustainable devel-
opment. Based on panel data from 27 cities in the Yangtze River Delta urban agglomeration
(2010–2019), this study constructs an evaluation system for land urbanization and energy
consumption carbon emissions, analyzes the comprehensive indices of the system and its
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subsystems, and employs CCD models and spatial autocorrelation methods to examine
the CCD and spatial correlations of the urban agglomeration across temporal and spatial
dimensions. The main conclusions are as follows:

(1) The comprehensive level of the land urbanization and energy consumption carbon
emission system in the Yangtze River Delta urban agglomeration exhibited a relatively
stable upward trend (5.772%), with higher comprehensive indices in the southern
region (85.635) and lower values in the northern region (61.912). The comprehensive
level of the land urbanization subsystem continued to rise (4.762%), with higher
indices in the southern and northern regions (67.396 and 54.672, respectively) and
lower indices in the central region (37.126). The energy consumption carbon emission
subsystem showed a continuous and stable decline (1.903%). The number of cities
with low carbon emission levels increased significantly, rising from one city in 2010 to
twenty cities in 2019. Conversely, cities with high carbon emission levels decreased
substantially, dropping from twenty-six cities in 2010 to seven cities in 2019.

(2) The CCD between land urbanization and energy consumption carbon emissions in the
Yangtze River Delta urban agglomeration exhibited an overall upward trend, reaching
the marginal coordination stage (0.541) after a decade of development. Significant
regional disparities in CCD were observed: the southeastern region outperformed
the northwestern region, with the eastern coastal areas maintaining consistently high
CCD levels over time. By 2019, all 27 cities had exited imbalance stages (CCD ≥ 0.528),
indicating improved intercity connectivity and coordination. However, most cities
had not yet achieved good coordination or high-quality coordination stages. Only
four cities—Shanghai, Huzhou, Taizhou, and Wenzhou—reached the high-quality
coordination stage (CCD ≥ 0.907). Additionally, the CCD gap between cities has
narrowed over time, with higher CCD values gradually expanding from peripheral
areas toward central regions.

(3) The horizontal spatial correlation relationship of the CCD between land urbaniza-
tion and energy consumption carbon emissions in the Yangtze River Delta urban
agglomeration remained unstable. In 2013, the Global Moran’s I value was −1.02,
while in other years, it fluctuated around 0.109, reflecting regional disparities in CCD
levels. Most areas exhibited no significant clustering characteristics, and local spatial
clustering patterns exhibited variations over time.

Integrating the principles of the ‘Outline of the Yangtze River Delta Regional Integra-
tion Development Plan’ and the ‘Yangtze River Delta Urban Agglomeration Development
Plan’, and based on the research findings, the following recommendations are proposed
to address the challenges in coordinating land urbanization and energy consumption
carbon emissions and to promote sustainable development in the Yangtze River Delta
urban agglomeration:

(1) Establish a regional collaborative mechanism for the development of land urbaniza-
tion and energy consumption carbon emissions, fully leveraging the driving role of
key cities. Support the four cities in the high-quality coordination stage—Shanghai,
Huzhou, Taizhou, and Wenzhou—to break administrative barriers restricting urban
agglomeration development and strengthen their leading role.

(2) Enhance macro-control to promote coordinated development of regional land ur-
banization and energy consumption carbon emissions, improve their own develop-
ment levels, and amplify their driving and coordinating effects, thereby guiding the
integrated development of the Yangtze River Delta. Key cities should strengthen
cooperation with other cities and share resources. Emphasize the interconnectivity
between cities.
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(3) Enhancing the high-quality development of central cities will contribute to the over-
all high-quality development of the Yangtze River Delta urban agglomeration and
advance low-carbon urbanization.

(4) Optimize industrial structures and promote a green, low-carbon circular economy
system. Cities should facilitate dynamic transformation and green industrial restruc-
turing, accelerating the shift from secondary industries to tertiary industries.

(5) Given the significant spatial disparities in the Yangtze River Delta, policymakers
must fully consider regional differences and avoid “one-size-fits-all” approaches in
policy formulation.

(6) Land urbanization is heavily influenced by national macro-control, policy and in-
stitutional reforms, and local government actions. Policymakers should formulate
territorial spatial planning policies under the “carbon peaking and carbon neutral-
ity” goals, considering the relationship between urbanization stages and the scale,
structure, and layout of territorial spaces with carbon sinks and emissions, thereby
ensuring low-carbon urban development and the achievement of green and low-
carbon transitions.

The empirical results of this study can guide China and other developing countries in
pursuing coordinated development between land urbanization and energy consumption
carbon emissions, aiding the formulation of effective interventions around urbanization and
environmental pollution. Inevitably, this study has certain limitations. First, the selection
of system indicators was constrained by data availability and may not fully represent the
development of land urbanization and carbon emissions in the Yangtze River Delta urban
agglomeration. Future research could incorporate additional indicators related to non-fossil
energy use and production-related carbon emissions. Second, while this study identifies
key indicators of the land urbanization and carbon emission systems, it does not delve into
their interrelationships. Future studies could employ methods such as linear regression
models to further explore the correlations and impact magnitudes among these indicators.
Third, there is no unified standard for classifying CCD intervals. This study adopts a
ten-tier classification based on CCD data and the existing literature, which may introduce
inaccuracies. Future research should flexibly select alternative classification criteria aligned
with regional development realities. Finally, fieldwork and data collection were partially
affected by factors such as the COVID-19 pandemic. This study selected 27 cities in China’s
Yangtze River Delta urban agglomeration as case studies. Future research could investigate
the CCD and spatial correlations between land urbanization and energy consumption car-
bon emissions across China’s 34 provincial-level administrative regions. Such an approach
would reveal more comprehensive and distinct characteristics, provide stronger empirical
cases, and offer guidance for planning, management, and decision-making.
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Abstract: Optimizing the wind environment within university dormitory areas is essential
for ensuring student safety, enhancing living comfort, and improving building energy
efficiency. In this study, the wind environment of multi-story university dormitories in
cold regions is comprehensively investigated through computational fluid dynamics (CFD)
simulations conducted with the PHONECIS software (version 2019), combined with or-
thogonal experimental design methods for systematic analysis and optimization. Through
orthogonal experimental design, the effects of key morphological parameters—including
building layout, length, width, and height—on the near-ground wind environment were
evaluated. Among these, building width exerted the greatest influence, followed by build-
ing length, layout form, and finally building height. Based on the analysis, the optimal
design scheme features a staggered building layout, with individual dormitory buildings
measuring 60 m in length, 16 m in width, and 11.4 m in height. This optimized design
was implemented in the multi-story dormitory area of the eastern section of Chang’an
University’s New Campus. A comparative analysis of wind speed distribution before and
after optimization, conducted specifically for the outdoor spaces during the winter season,
revealed that the average near-ground wind speed was reduced from 3.3 m/s to 2.7 m/s,
achieving an 18% reduction. The staggered arrangement and adjusted building proportions
effectively dispersed airflow, mitigated high-velocity zones, and significantly enhanced
outdoor wind comfort and pedestrian safety. This study introduces a morphology–wind
environment coupling strategy from an architectural perspective to guide the design of
dormitory buildings in cold regions. Rather than focusing on mathematical modeling,
the research emphasizes design-oriented outcomes aimed at informing and optimizing
practical architectural solutions for safer, more comfortable, and energy-efficient campus
living environments.

Keywords: multi-story dormitory area; outdoor wind environment; morphological layout;
CFD simulation; optimization design

1. Introduction and Literature Review

1.1. Introduction

In Chinese universities, students are typically accommodated in centralized multi-
story dormitory complexes, which are integral components of the overall campus planning.
Among these, multi-story dormitory buildings constitute a significant portion [1]. A favor-
able outdoor wind environment is crucial for the comfort and well-being of students [2].
It not only enhances their quality of life but also plays a key role in the energy efficiency
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and safety of multi-story dormitory buildings [3]. Therefore, optimizing the outdoor wind
environment is a key factor in achieving sustainable campus planning.

Although significant progress has been made in optimizing the wind environment of
buildings, research specifically focused on the wind conditions within university multi-
story dormitory areas remains relatively scarce. Most existing studies, on the one hand,
concentrate on the wind environments of high-rise towers or urban street canyons [4],
with limited attention given to campus dormitory complexes. On the other hand, many
studies on campus dormitories tend to examine the effects of individual factors, often
lacking a systematic approach for the comprehensive optimization of multiple influencing
factors [5–9]. For example, while some studies propose localized improvements, such as
enhancing greenery or optimizing the design of individual buildings, there is a noticeable
absence of a comprehensive optimization framework or multi-scenario comparisons for
the wind environment in dormitory areas [10].

In conclusion, there exists an academic gap in systematically studying the wind envi-
ronment of multi-story dormitory complexes under varying climatic conditions, identifying
key influencing factors, and proposing targeted optimization strategies. This gap presents
both the entry point and motivation for the current study.

1.2. Literature Review

Numerous studies have examined the influence of building layout forms, dimensions,
and shapes on pedestrian wind environments, providing theoretical support for building
design (Table 1). Zheng et al. [11] used CFD and wind tunnel tests to evaluate residential
layouts and surrounding building layers in cold regions, highlighting the role of height
and density. Ma et al. [12] found that middle-level, non-enclosed layouts are optimal for
low-density areas, while middle-high-rise forms suit higher-density zones. Key parameters
such as coverage rate and frontal area density also significantly affect wind comfort.

With respect to building dimensions, Mou et al. [13] demonstrated that aspect ratio
and building width strongly impact wind speed and pressure distribution, with taller,
narrower buildings generating higher wind speeds but reduced comfort zones.

In terms of building shapes, Qureshi et al. [14] showed that L-shaped and U-shaped
buildings enhance ventilation when appropriately spaced. While much of the litera-
ture centers on high-rise buildings, multi-story dormitory buildings in cold climates
remain underexplored [15–17].

In building wind environment research, three primary methods are widely used:
field measurements, wind tunnel testing, and computational fluid dynamics (CFD) sim-
ulations. Field measurements offer on-site wind data but are limited by site constraints
and long durations and are mainly applicable to existing buildings [18]. Wind tunnel
tests, while accurate in simulating wind flow under varying layouts, require costly equip-
ment and strict experimental conditions, restricting their broader application [19]. In
contrast, CFD simulations have become the preferred approach due to their efficiency,
lower cost, and ability to generate comprehensive spatial datasets for detailed analysis and
optimization [14,20–22]. In this study, a combination of field measurements and CFD
simulation is adopted to leverage the strengths of both methods, improving the reliability
and accuracy of the wind environment evaluation.
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Table 1. Overview of foundational studies on building morphology and wind environment excluding
dormitory contexts.

Research Factors Building Types Specific Factors Literature Research Methods

Layout forms

High-rise
residential building

Influence factors of layout
pattern on wind environment [4,11,12,23] Numerical simulation

Influence of greening and
building layout patterns on the
wind and Thermal environment

of residential quarters

[10,20,21] Numerical simulation

Influence factors of layout
pattern on wind environment [21] Wind tunnel test

Influence factors of layout
pattern on wind environment [4,11,14] Numerical simulation + Wind

tunnel test

Influence factors of layout
pattern on wind environment [12,22] Numerical simulation + On-

site measurement

Multistory
residential building

Influence of layout patterns on
outdoor wind environment [4,12] Numerical simulation

Block buildings Influence of layout mode on
wind environment [23,24] Numerical simulation

Block buildings Influence of layout mode on
wind environment [19] Numerical simulation + Wind

tunnel test

/

Influence of layout mode on
wind environment [25,26] Numerical simulation

Influence of layout patterns and
plant arrangements on wind

environment and
thermal comfort

[27] Numerical simulation

Building
dimensions

Block buildings Influence of building height and
width on wind environment [27–29] Numerical simulation

/ Influence of building height and
width on wind environment [13,30] Numerical simulation

Building shapes

High-rise
residential building

Influencing factors of building
form on wind environment for

surrounding pedestrians
[14] Numerical simulation + Wind

tunnel test

Office building
The relationship between

architectural form and
wind environment

[18] Numerical simulation

/
The influence of high-rise

building forms on the
surrounding environment

[15–17] Numerical simulation

Note: / Undefined building type, for testing ideal models.

2. Materials and Methods

2.1. Selection of Research Cases

Xi’an, located in Shaanxi Province, China, is classified as Zone IIB in the national
building climate zoning for cold regions [31]. The city experiences distinct seasonal varia-
tions, with average temperatures ranging from −1.2 ◦C to 0.0 ◦C in January (the coldest
month) and from 26.3 ◦C to 26.6 ◦C in July (the hottest month). Wind environment data
for both winter and summer conditions in Xi’an are presented in Table 2 [32]. According
to the Beaufort scale as defined in GB/T 19201-2006 [33], the prevailing wind force in
Xi’an is categorized as a light breeze, indicating relatively low wind speeds throughout the
year. Given these climatic characteristics, the planning and design of dormitory areas must
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address both wind protection during winter and adequate natural ventilation during the
summer months [34].

Table 2. Wind direction, wind speed and wind frequency table of Xi’an City [35].

Season Months
Prevailing

Wind Direction
Average

Wind Speed
Wind

Frequency
Subdominant

Wind Direction
Average

Wind Speed
Wind

Frequency

Summer June, July, August Northeast by east 2.5 m/s 42.2% Southwest 2.3 m/s 18.1%
Winter December, January, February Northeast by east 2.2 m/s 37.5% Southwest 2.0 m/s 25.1%

In addition, Xi’an is situated within a seismic intensity zone classified at magnitude 8.
This imposes specific seismic fortification requirements that restrict architectural variability
and influence building design. Consequently, dormitory complexes in the region are
primarily composed of multi-story buildings arranged in regular, uniform layouts. This
architectural typology reflects a key characteristic of dormitory design in seismic-prone,
cold-climate regions.

This study uses the multi-story dormitory area in the typical slab form of Xi’an as a
research case for field investigation. The measurement points are located in three distinct
multi-story dormitory areas: the determinant formation in the eastern section of the new
campus of CHD, the enclosed formation in the western section of the new campus of Xidian
University (XD), and the staggered formation in the eastern section of the new campus
of XD. An overview of these case buildings is provided in Table 3. These three cases are
representative examples of multi-story dormitory layouts, chosen to capture a range of
architectural configurations.

Table 3. Basic overview and measuring point distribution of typical cases.

Case 1. Multistory Dormitories in the East Area of the New Campus of CHD

Orientation 15 degrees east of south

(a) General layout and measured scheme (b) Facade real scene

Number of floors and height
Middle part: 6 floors.
Both sides: 5 floors.

21.2 m.

Architectural form Plate multi-layer

Layout form Determinant type

Case 2. Multi-story dormitories in the west area of XD’s new campus

Orientation 30 degrees west of south

(c) General layout and measured scheme (d) Facade real scene

Number of floors and height 6 layers, 22.5 m

Architectural form Plate-type multi-story

Layout form Enclosed type
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Table 3. Cont.

Case 3. Multi-story dormitory in the east area of XD’s new campus

Orientation 30 degrees south by west.

(e) General layout and measured scheme (f) Facade real scene

Number of floors and height 3 layers, 13.8 m

Architectural form Plate-type multi-story

Layout form Staggered type

2.2. Numerical Simulation and Orthogonal Test Method

To analyze the relationship between the architectural layout of multi-story dormitory
areas in colleges and universities and the outdoor wind environment, simulations are con-
ducted on the selected research cases. This study employs computational fluid dynamics
(CFD) numerical simulation and orthogonal experimental design, each offering significant
advantages in the study of natural ventilation driven by building-induced wind. Both
methods contribute to enhancing the efficiency of design and analysis. CFD numerical
simulation provides accurate flow field data by simulating the gas flow dynamics both
inside and outside the building. This overcomes the limitations of experimental conditions
and scales inherent in traditional experiments. CFD can handle complex building geome-
tries and offer detailed airflow analysis in varying wind environments, thus optimizing
natural ventilation design [36]. Orthogonal experimental design reduces the number of
experiments and associated costs by selecting representative experimental points, while
maintaining the universality and representativeness of the results. This approach simplifies
the study of complex problems, allowing for the extraction of the influence of multiple
factors at a limited number of points. The experimental results are easily analyzed, and
orthogonal design facilitates efficient comparisons of the impacts of various factors using
statistical methods such as range analysis and variance analysis, thereby helping to identify
the optimal solution in multi-factor environments [37].

The combination of CFD and orthogonal experimental design provides a more com-
prehensive and efficient optimization strategy for the design of building natural ventilation.
CFD delivers accurate airflow simulations, while orthogonal experimental design stream-
lines the experimental process and parameter selection. Together, they complement each
other, enhancing both design efficiency and research accuracy [38].

A 3D steady-state CFD model was used in this study. The simulation adopted the
standard k-ε turbulence model and neglected temperature variation. From Table 4, we can
see the computational domain was extended to 5 × 5 × 3 times the building size. Boundary
conditions included velocity inlets based on local meteorological wind data and pressure
outlets on the downwind sides. Local mesh refinement was implemented near building
surfaces to improve accuracy. A convergence criterion of 10−4 residuals was applied with a
total of 1000 iterations.
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Table 4. Simulation parameter setting.

Parameter Specific Setting Parameter Specific Setting

Model creation RHINO modeling
into PHOENICS

Selection
governing equations

Standard k-ε
turbulence model

Computational domain Length × width × height:
5X × 5Y × 3Z Meteorological parameters

Wind direction:
East–Northeast
Wind speed: 1.9 m/s in
summer, 1.4 m/s in winter

Number of iterations 1000 Grid division Building local encryption

3. Results and Analysis

3.1. Outdoor Wind Environment Simulation Analysis

As shown in Table 2, the prevailing wind direction in Xi’an during both summer
and winter originates from the northeast. Although seasonal variations in wind speed are
observed, the overall characteristics of the outdoor wind environment remain consistent
across seasons. Therefore, for the purpose of analysis, this study takes the summer condi-
tion as a representative scenario. The simulation results at a pedestrian height of 1.5 m are
analyzed for the selected case building, as illustrated in Figure 1.

Figure 1. Wind Speed and Wind Pressure Contour Maps at Pedestrian Height of Plate-Type Multi-
Story Building. (a) Plate-type multi-story wind speed cloud map of the new campus of CHD.
(b) Plate-type multi-story wind pressure cloud map of the new campus of CHD. (c) Plate-type multi-
story wind speed cloud map of XD new campus. (d) Plate-type multi-story wind pressure cloud
chart of XD new campus.
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Based on the wind speed contours (a) and (c) and the wind pressure contours (b) and
(d), the common issues in the east and west districts of the XD new campus and the east
district of the CHD new campus can be summarized as follows:

1. Wind Speed Issue

In all three areas, the dormitory areas generally exhibit low wind speeds, particularly
in regions with enclosed or staggered layouts, where airflow is obstructed, resulting in
large calm wind zones. For example, on the leeward face of Building No. 95 in the western
district of XD, a wind shadow is formed. Similarly, the enclosed courtyards of Buildings
No. 97 and No. 98 experience poor ventilation. A similar reduction in wind speeds is
observed in both the eastern district of XD and the eastern district of CHD. Notably, in
areas exhibiting the narrow tube effect between dormitory buildings, local wind speeds
are slightly enhanced. However, the overall impact remains limited, failing to significantly
improve the overall ventilation.

2. Wind Pressure Issue

The wind pressure contours show that the wind pressure on the windward face of the
buildings is generally high, particularly at the building corners, where there is a significant
wind pressure differential. For instance, the wind pressure difference before and after the
first row of buildings in the western district of XD is 1.35 Pa, while the maximum wind
pressure difference in the eastern district reaches 1.56 Pa. Similarly, the wind pressure
difference in the eastern district of CHD also reaches 1.56 Pa. Although the wind pressure
inside the dormitory areas remains relatively stable, the pressure difference before and after
the buildings is generally small, leading to poor airflow and limited ventilation. Particularly
in low wind speed conditions, the wind pressure and wind speed are proportional, which
hampers the effective enhancement of natural ventilation within the buildings.

3. Poor Ventilation

Whether in the western or eastern districts of XD, or in the eastern district of CHD,
the dormitory areas generally suffer from poor ventilation. This issue is particularly
pronounced in the summer months, when internal wind pressure is relatively low, resulting
in stuffy conditions that adversely affect ventilation. The enclosed layouts and internal
blockages within the buildings hinder the free flow of air, leading to areas with insufficient
ventilation [39].

In summary, both of these areas experience issues related to poor ventilation and
uneven distribution of wind speed and pressure, which can primarily be attributed to the
building layout and dimensions. In particular, airflow obstructions and wind pressure
imbalances, resulting from the buildings’ layout and dimensions, significantly impair the
natural ventilation performance within the dormitory areas [40].

3.2. Measured Data Analysis and Simulation Verification

The multi-story buildings in the eastern area of the new campus of CHD and the
multi-story buildings on the new campus of XD were measured on 10 January 2024, and 28
June 2024, respectively. Measurement points were placed at key locations, including the
windward and leeward sides, the spaces between adjacent buildings, and at the building
corners, to ensure comprehensive data collection. The test instruments used were the
TES-1341 hot-wire anemometer (accuracy: ±3% of reading ±0.1 m/s) and the Testo 410-1
impeller anemometer (accuracy: ±1.5% of reading ±0.2 m/s), as shown in Figure 2. Wind
speed measurements were conducted from 8:00 a.m. to 7:00 p.m., with data recorded every
0.5 h. The measured results for the eastern area of the new campus of CHD are presented
in Figure 3.
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Figure 2. Test instruments: hot-wire anemometer and impeller anemometer.

Figure 3. Average wind speed, maximum and minimum wind speed, and wind frequency at all
points in winter and summer on the new campus of CHD.

In the summer, the outdoor average wind speed throughout the day in the multi-
story dormitory area is less than 1 m/s. Overall poor ventilation hinders pollutant diffu-
sion, which adversely affects the health of students. In the winter, the maximum wind
speed at measurement point M of the multi-story building in the eastern area of the new
campus of CHD reaches 2.09 m/s. Based on the “Evaluation Standards for Green Cam-
puses (GB/T 51356-2019 [41])”, the wind speed in recreational and activity zones outdoor
should not exceed 2 m/s. The wind speed at this measurement point exceeds the rec-
ommended limit, which is unfavorable for wind proofing and thermal insulation during
winter [42]. Similarly, in the dormitory zone of the new campus of XD, poor ventilation is
observed in the summer, and both wind proofing and heat preservation in the winter are
similarly compromised.

This study employs two indicators, the Mean Absolute Percentage Error (MAPE)
and the Root Mean Square Error (RMSE), to verify the accuracy of the simulation results.
These are calculated using Formulas (1) and (2), respectively. In the formulas, Xsim
represents the simulated value, Xmed represents the measured value, and N is the number
of measurements. According to Figure 4, the average absolute percentage error for the
slab-type multi-story dormitories is 15.54%, and the Root Mean Square Error is 8.22%, both
of which fall within a reasonable error range. The results for both the eastern and western
areas of the new campus of XD exhibit similar consistency, indicating that the model and
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simulation method accurately reflect the real conditions. Furthermore, by comparing the
measured and simulated wind speed data graphically, it is evident that the overall trends
align closely, with very high similarity at individual measurement points. The observed
errors are attributed to factors such as the presence of pedestrians and vegetation during
the measurements.

MAPE =
∑n

i=1
|Xmed−Xsim |

Xmed

N
, (1)

RMSE =

√
∑n

i=1(Xmed − Xsim)
2

N
. (2)

Figure 4. Comparison of measured and simulated wind speeds of CHD.

3.3. Orthogonal Experimental Design

The building layout of each scheme needs to set constraint conditions, mainly includ-
ing fire prevention, sunshine and relevant planning requirements, as shown in Table 5. The
simulated wind direction is northeast by east (ENE), which is the dominant wind direction
in Xi’an [43]. The wind speed is a typical speed of 1.9 m/s.

Table 5. Scheme constraint conditions.

Constraint Name Constraint Conditions Basis

Dormitory design requirements

The spacing between dormitory buildings
should meet the fire prevention, sunlight,
and other relevant requirements, as well as
comply with local urban
planning regulations.

Code for design of dormitory
building (JGJ36-2016) [44]

Fire prevention requirements The minimum distance between multi-story
civil buildings should be 9 m.

Code for fire protection design of
buildings (GB-50016-2014) [45]

Sunshine requirements

Ensure that shaded buildings meet the
sunlight requirement of ≥2 h on the winter
solstice. The calculation starts from the
bottom window sill, which is set at 0.9 m.

Building sunshine standard

Spacing requirements for
gable walls

The minimum spacing between multi-story
civil buildings on the gable side is 9 m.

Provisions on Urban Planning
Administration of Xi’an City

The wind environment is influenced by various factors, including layout form, build-
ing size, geomorphic conditions, and wind direction. Among these, layout form and
building size are particularly critical, as they are more easily optimized during the planning
and design phases [46]. Therefore, for multi-story dormitory buildings, this study selects
four key influencing factors, each set at three levels, as outlined in Table 6.
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Table 6. Influencing factors and levels of outdoor wind environment of multi-story buildings.

A. Building Layout B. Building Length (m) C. Building Width (m) D. Building Height (m)

1 A1 (Aligned layout) B1 (40) C1 (14) D1 (11.4)
2 A2 (Staggered layout) B2 (50) C2 (16) D2 (18.6)
3 A3 (Enclosed layout) B3 (60) C3 (18) D3 (22.2)

This study employs the L9 (4 × 3) orthogonal table for test design, as shown in Table 7.
The orthogonal experiment matrix was generated and analyzed using SPSS Statistics 27, a
widely used statistical software. SPSS was chosen for its robust data handling capabilities,
flexibility in experimental design, and ease of statistical analysis [47].

Table 7. Orthogonal test table for plate-type multi-layer.

Simulation Schemes
Factor A:
Building Layout

Factor B: Building
Length (m)

Factor C: Building
Width (m)

Factor D: Building
Height (m)

1. A1B1C1D1 A1 (Aligned layout) B1 (40) C1 (14) D1 (11.4)
2. A1B2C3D2 A1 B2 (50) C2 (16) D2 (18.6)
3. A1B3C2D3 A1 B3 (60) C3 (18) D3 (22.2)
4. A2B1C3D3 A2 (Staggered layout) B1 C3 D3
5. A2B2C2D1 A2 B2 C2 D1
6. A2B3C1D2 A2 B3 C1 D2
7. A3B1C2D2 A3 (Enclosed layout) B1 C2 D2
8. A3B2C1D3 A3 B2 C1 D3
9. A3B3C3D1 A3 B3 C3 D1

Figure 5 presents the CFD-simulated wind flow patterns under nine orthogonal
design schemes, including determinant, staggered, and enclosed layouts with varying
building dimensions. The comparative visualization of airflow distribution allows for
intuitive evaluation of how different morphological parameters affect the near-ground
wind environment. This figure serves as a key reference for supporting the analysis of
wind environment characteristics across the tested configurations.

Figure 5. Simulation cloud diagrams of each orthogonal test scheme.

A total of 90 measurement points are selected from nine different schemes. These
points are uniformly distributed across the windward face, leeward face, and between the
gable walls of adjacent structures. The specific layout of the measurement points is shown
in Figure 6.
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Figure 6. Schematic diagram of simulated measuring point layout.

As shown in Figure 7, the wind speed values at each simulated measurement point
reflect the influence of building layout and size on wind speed. Generally, the wind speed
on the windward face of buildings is relatively high, while the wind speed on the leeward
face and between the gable walls of adjacent buildings is relatively low. In the determinant
layout (Schemes 1–3), the wind speed distribution is uniform, and the wind speed on
the windward face increases slightly as building width increases. In the staggered layout
(Schemes 4–6), the overall wind speed is relatively high, especially on the leeward face
and between the gable walls of adjacent buildings. As building height and length increase,
wind speed is enhanced. The enclosed layout (Schemes 7–9) results in the lowest wind
speed, which could result in inadequate ventilation. In general, building schemes with
larger scale and width lead to higher wind speeds, while enclosed layouts tend to cause
low wind speeds and insufficient ventilation.

Figure 7. Wind speed values at simulated measurement points of multi-story dormitory.
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By calculating the average wind speed at the simulated measurement points for each
scheme, the simulation results of the orthogonal test for the multi-story dormitory block are
presented in Table 8. It is observed that Scheme 3 yields the highest average wind speed,
while Scheme 7 produces the lowest. Table 8 presents the simulation schemes established
through an orthogonal experimental design conducted using SPSS software. The schemes
investigate the influence of various building layouts—namely determinant, staggered, and
enclosed configurations—on the average wind speed within the building cluster. The aim
is to identify an optimal spatial arrangement that promotes favorable wind flow conditions.

Table 8. Table of simulation results of plate-type multilayer orthogonal experiment.

Simulation
Schemes

A: Building
Layout

B: Building
Length (m)

C: Building Width
(m)

D: Building
Height (m)

(V) Average Wind
Speed (m/s)

1. A1B1C1D1 A1 (Aligned layout) B1 (40) C1 (14) D1 (11.4) 0.71
2. A1B2C3D2 A1 B2 (50) C2 (16) D2 (18.6) 0.76
3. A1B3C2D3 A1 B3 (60) C3 (18) D3 (22.2) 1.03
4. A2B1C3D3 A2 (Staggered layout) B1 C3 D3 0.81
5. A2B2C2D1 A2 B2 C2 D1 0.98
6. A2B3C1D2 A2 B3 C1 D2 1.02
7. A3B1C2D2 A3 (Enclosed layout) B1 C2 D2 0.56
8. A3B2C1D3 A3 B2 C1 D3 0.76
9. A3B3C3D1 A3 B3 C3 D1 0.93

Based on the average wind speed values, the statistical parameters K, Kavg, and R
are calculated, as presented in Table 9. According to the magnitude of R, the factors influ-
encing wind speed are ranked as follows: building width > building length > layout
form > building height. Therefore, in the planning and design of multi-story build-
ings, building width should be the primary consideration, followed by building length
and layout form, with building height having relatively little impact on the outdoor
wind environment.

Table 9. Range table of plate-type multilayer orthogonal experiment.

Levels
A. Building
Layout

B. Building
Length (m)

C. Building
Width (m)

D. Building
Height (m)

K
1 2.5 2.08 2.49 2.62
2 2.81 2.5 2.57 2.34
3 2.25 2.98 2.5 2.6

Kavg

1 0.833 0.693 0.415 0.873
2 0.934 0.833 0.857 0.780
3 0.750 0.993 0.833 0.867

Optimal Level A2 B2 C2 D1

R 0.184 0.300 0.442 0.093

Optimization percentage A3 (Enclosed layout) B3 (60) C3 (18) D3 (22.2)

The comfortable wind speed range of 1–2 m/s is used as the evaluation criterion. the
optimal combination for the multi-story dormitory buildings is A2B3C2D1, corresponding
to a staggered layout, a building length of 60 m, a width of 16 m, and a height of 11.4 m.

3.4. Influencing Factor Analysis

The wind speed characteristics in the built environment of cold regions should comply
with the provisions outlined in the “Assessment Standard for Green Buildings (GB/T 50378-
2019)” [48]. In the section on environmental livability, the pedestrian activity areas on the
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site should not contain vortex or windless zones under typical summer wind conditions.
During typical winter wind conditions, the wind speed at a height of 1.5 m in the pedestrian
area around the building should be less than 5 m/s [49], while the wind speed in outdoor
rest areas should be less than 2 m/s [20]. Additionally, according to relevant studies, people
tend to feel comfortable when the wind speed exceeds 1 m/s. Therefore, the comfortable
wind speed range is set between 1 and 2 m/s, and the coupling relationship analysis is
conducted based on this standard [50].

According to the results of the orthogonal experiments, the relationship between
the influencing factors and the wind environment is shown in Figure 8. For multi-
story dormitory areas, the wind environment index is highest when the building lay-
out is staggered. The average wind speeds, in descending order, are as follows:
staggered form > determinant form > enclosed form. The building length is directly
proportional to wind speed, as the building length increases, so does the wind speed.
When the building width increases from 14 m to 18 m, the wind speed initially increases,
then decreases. Similarly, an increase in building height from three to six stories leads to an
initial decrease followed by a subsequent increase in wind speed.

Figure 8. Analysis of the advantages and disadvantages of different levels of various influencing factors.

3.5. Optimal Scheme Verification

In this study, based on the optimal combination scheme for multi-story buildings, a
layout optimization simulation is conducted for the dormitory area in the eastern district
of the new CHD campus. The optimization scheme adopts the optimal combination of
multi-story buildings as A2B3C2D1, which corresponds to a staggered layout, a building
length of 60 m, a width of 16 m, and a height of 11.4 m. By simulating and analyzing the
airflow within the dormitory area under the optimal layout, as shown in Figures 9 and 10,
the following conclusions are drawn:

1. Uniform Wind Speed Distribution.

Figure 9. Schematic diagram of outdoor wind environment simulation of original building layout.
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Figure 10. Schematic diagram of outdoor wind environment simulation of adjusted building layout.

The optimized design results in a relatively uniform wind speed distribution without
extreme peaks. The airflow is smooth, and the fluctuation in wind speed is minimal, thus
preventing discomfort caused by strong winds.

2. Improvement in Human Comfort.

Through layout and size optimization, areas of high wind speed are minimized,
reducing the potential for wind-related discomfort and enhancing overall comfort within
the dormitory area.

3. Good Ventilation Effect.

The spacing and arrangement of the buildings are suitable, with no significant wind
speed dead zones or areas with excessively high wind speeds. This ensures effective
ventilation and smooth airflow within the building complex, promoting good air mobility.

3.6. Strategy Analysis Summary

1. Staggered Layout Design.

The staggered layout is a core design strategy in this study, aimed at reducing direct
convective obstruction between buildings through the staggered arrangement [51]. This
layout prevents buildings from facing the wind directly by disrupting potential wind speed
dead zones that may form between them. As a result, it not only mitigates the risk of
excessively high or stagnant wind speeds but also significantly enhances airflow smooth-
ness [52]. Consequently, the wind speed distribution within the dormitory area becomes
more uniform, and airflow is more continuous, leading to a substantial improvement in
ventilation efficiency.

2. Optimization of Building Dimensions.

In the optimal scheme, a building dimension combination of 60 m in length, 16 m in
width, and 11.4 m in height is selected. These dimensions are designed to avoid extreme
wind conditions, preventing both excessively high and low wind speeds. The optimized
building dimensions effectively alleviate discomfort caused by excessive wind speeds,
while maintaining adequate airflow to support a comfortable living environment. This
design strategy not only reduces the extent of high-wind-speed zones but also lowers the
risk of wind-induced hazards to residents, thereby enhancing overall living comfort.
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3. Avoidance of Wind Speed Dead Zones and High Wind Speed Obstacles.

In the optimal layout, no obvious wind speed dead zones are formed between building
gaps and areas. Wind speed dead zones typically result from an unreasonable building
layout or insufficient spacing between buildings, leading to airflow stagnation and reduced
ventilation efficiency [5]. By adopting a staggered layout and rational building dimensions,
the design enhances inter-building airflow. It effectively avoids airflow disruptions due
to extreme wind speeds and substantially improves the ventilation performance of the
dormitory area.

4. Improved Ventilation Effect.

By incorporating a staggered layout and optimizing building dimensions, the dormi-
tory area achieves a more balanced wind speed distribution and smoother airflow. The
wind speed fluctuations are relatively mild, preventing extreme variations. This leads to
improved ventilation efficiency and reduced discomfort caused by excessively high or
low wind speeds. Overall, the optimized design ensures optimal ventilation within the
multi-story dormitory layout, fostering a more comfortable living environment.

4. Discussion

4.1. Comparison with the Existing Literature

The preceding literature review categorized representative studies based on building
layout forms, dimensions, and shapes, as summarized in Table 1. However, a compar-
ison with Table 10—which lists studies specifically focusing on multi-story dormitory
buildings—reveals that such studies are relatively few in number. This contrast underscores
that, despite some recent efforts, the majority of existing research remains concentrated
on residential and block-type buildings, with limited attention paid to dormitory-specific
wind environment analysis, particularly in cold regions.

Table 10. Representative studies on the optimization of outdoor wind environment in multi-
story dormitories.

Research Factors Building Types Specific Factors Literature Research Methods

Layout form Campus architecture Influence of layout mode on
wind environment [6–9,53] Numerical simulation

Building dimensions Campus architecture
Influence of building height

and width on
wind environment

[54] Wind tunnel test

Building forms Campus architecture

Influence of building shape
on wind environment [55] Numerical simulation

Influence of building shape
on wind environment [50] Numerical simulation + On-

site measurement

Tie et al. examined winter wind conditions in dormitory areas at Hohhot University
using CFD simulations. Their results show that diagonal and enclosed layouts of U- and
L-shaped buildings improve outdoor comfort, offering climate-adaptive design strate-
gies for cold region dormitories [6]. Zhang et al. investigated pedestrian wind comfort
around lift-up buildings with varying aspect ratios and core configurations. Wind tunnel
tests revealed that recessed core designs reduce high-wind zones, providing guidance
for urban morphological optimization [54]. Janssen et al. compared multiple pedestrian
wind comfort criteria using CFD simulations around university buildings. Their study re-
vealed inconsistencies among prevailing standards, emphasizing the need for more unified
evaluation frameworks [50].
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These studies highlight the crucial role of building form and layout in shaping outdoor
wind environments, while also revealing the scarcity of research focused on dormitory
settings in cold regions.

4.2. Limitations and Future Research

To address this gap, the present study investigates the outdoor wind environment
of multi-story dormitory buildings in a cold-region context using an integrated approach
that combines field measurements with CFD simulations. This methodology enhances the
accuracy of the analysis and provides a practical framework for assessing wind performance
in similar climatic conditions.

Nevertheless, this study has the following limitations:
(1) The simulation only covers winter and summer conditions in Xi’an, without

considering transitional seasons. Future studies should incorporate full-year climatic data
to support more comprehensive and accurate evaluations of outdoor wind comfort.

(2) The analysis focuses on layout form, building dimensions, and shape, but does not
account for other potential factors such as building density and morphological complexity.
These variables should be integrated into future models for a more robust prediction of
wind performance.

(3) The study concentrates on the outdoor wind environment of dormitory buildings
and does not address other aspects of the physical environment, such as indoor ventilation
or thermal comfort. A more holistic approach is needed to guide integrated improvements
in campus living environments.

5. Conclusions

This study investigates the optimization of the outdoor wind environment in multi-
story university dormitory areas in cold regions, using CFD simulation combined with
orthogonal experimental design. The work is grounded in architectural practice, aiming to
inform early-stage design decisions rather than relying solely on theoretical modeling.

(1) Building layout and dimensional parameters (length, width, height) significantly
influence pedestrian-level wind conditions, with building width identified as the most
critical factor.

(2) The optimal configuration—a staggered layout with dormitory dimensions of
60 m (length), 16 m (width), and 11.4 m (height)—enhances airflow uniformity and
spatial balance.

(3) CFD results from the CHD show that this scheme reduces near-ground wind speed
by 18%, improving outdoor comfort in both summer and winter.

(4) The findings underscore the importance of considering not only individual param-
eters, but also the interaction between building form and wind flow in design evaluation.

By aligning environmental simulation with architectural thinking, this study provides
a practical reference for climate-responsive dormitory design and supports the development
of sustainable campus environments in cold regions.
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Abstract: Building façades traditionally focus on enhancing indoor environmental quality
and improving energy performance, but undermine their influence on Outdoor Environ-
mental Comfort (OEC), including thermal, acoustic, and visual conditions. With technolog-
ical advancements in envelope design, research on new materials and green systems has
been introduced in the last few decades. This review examines the role of two key elements—
façade materials and green façades—in shaping OEC. A total of 41 peer-reviewed studies
(24 on urban scale and 17 on building scale) were categorized into three focus areas:
(1) outdoor thermal comfort; (2) outdoor acoustic comfort; and (3) outdoor visual comfort.
The analysis was structured across three levels: (a) Performance Determinants; (b) Met-
rics/Models; and (c) Material or Façade Types. We proposed this analytical structure to
highlight the interactions between building façades and OEC domains (thermal, acoustic,
and visual comfort). Our results showed façade treatment can impact all three comfort
factors related to OEC, but trade-offs must be evaluated. Moreover, the findings high-
lighted that additional research is required to cover variations in both climate and context
conditions, due to their close association with the OEC. Finally, the conceptual framework
is presented to synthesize the three comfort domains for sustainable outdoor environments.

Keywords: outdoor comfort; building façade; materials; green façade; envelope

1. Introduction

Climate change and global warming are among the most pressing global challenges of
the coming decades. [1]. Buildings significantly contribute to these issues through their
energy consumption, emissions, and material choices. At the same time, global population
growth is projected to reach 10.4 billion by 2100 [2], accompanied by intensified urbaniza-
tion. As cities densify, the built environment increasingly alters Outdoor Environmental
Comfort (OEC) as defined by microclimates, ambient noise, and visual glare [3]. These
directly impact the outdoor comfort levels of people using outdoor urban spaces, which
are key to the success of social life [4]. Understanding and improving outdoor comfort is
therefore essential to achieving healthier, more sustainable urban communities.

OEC plays a vital role in shaping urban life, influencing how often and how comfort-
ably people use outdoor spaces. It is determined by a combination of climatic conditions,
urban morphology, and building elements—especially façades. Traditionally, façades have
been designed to enhance indoor environmental quality and energy efficiency [5]. However,
as the impacts of the Urban Heat Island (UHI) effect become more severe, its role in influ-
encing outdoor comfort is gaining attention. While horizontal surfaces are often implicated
in UHI, vertical façades also contribute meaningfully by altering heat retention, airflow,
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and solar exposure. Façade properties—such as reflectivity, thermal mass, and material
texture—can significantly affect Outdoor Thermal Comfort (OTC) [6,7]. Similarly, façades
influence Outdoor Acoustic Comfort (OAC) by amplifying or diffusing sound through
their geometry and absorptive properties [8]. In terms of Outdoor Visual Comfort (OVC),
material reflectance and surface color contribute to glare intensity and overall luminance
conditions [9]. Taken together, the façade is not just a barrier but a key interface for shaping
Outdoor Environmental Quality (OEQ).

In a façade assembly, the exterior surface treatment plays a key role in defining
the OEQ. This treatment can be seen through the lens of façade materials and green
façades [10]. Properties of façade materials, such as reflectivity, can impact outdoor
OEC by contributing to UHI. Studies report that replacing conventional masonry with
high-albedo or retroreflective finishes lowers façade-surface temperatures by roughly
10–14 ◦C and improves pedestrian thermal-stress indices by about 3 ◦C in hot-dry and
humid-subtropical settings [11,12]. Similarly, studies on green façades showed that cooling
through evapotranspiration and shading could drop the façade surface temperature by
2–4 ◦C, and acoustic absorption reduced the noise level by 40 dB [13–15]. Hence, both these
categories encompass a variety of façade treatments that impact OEC.

Façade treatments span traditional masonry and advanced composites engineered for
thermal, acoustic, and visual performance [5,6] In parallel, green façade strategies such
as living walls and vertical greenery systems are increasingly used to improve outdoor
comfort [16]. As we race against the continuous development of these design strate-
gies in building envelope design, there is a need to review the advanced materials and
vegetation strategies used in building façades. This review focuses on both material-
based and vegetative façade interventions, highlighting their mechanisms and impacts on
outdoor comfort.

Building façades are an important element of any urban fabric [17]. The material
treatment of these façades can alter the OEQ near the immediate exterior zone of buildings
to the public exterior realm of cities, such as urban canyons and plazas. Studies in topics of
building façades and OEC have focused either on building scale or urban scale [9,18,19].
In either case, the impact is significant at a human comfort level and must be taken into
consideration in the study. This study aims to identify the current state of the art in
this topic.

Moreover, although numerous studies address individual aspects of outdoor comfort,
few have synthesized the influence of façade design across multiple domains of OEC,
namely OTC, OAC, and OVC. This review addresses that gap by providing an integrated
analysis of how façade materials and green systems influence thermal, noise, and visual as-
pects of outdoor comfort levels. To support holistic decision-making in design, a conceptual
framework is proposed to illustrate cross-domain interactions and trade-offs.

2. Background

To gain a comprehensive understanding of OEC, it is essential to understand each
domain’s technical definition and related metrics or indices. Below is a synopsis of
each domain.

2.1. Outdoor Thermal Comfort

Thermal comfort refers to the human perception of ambient environmental conditions.
According to ASHRAE, it is defined as “the condition of mind which expresses satisfaction
with the surrounding thermal environment and is assessed by subjective evaluation” [20].
While it was initially studied in the context of indoor environments, thermal comfort in
outdoor settings has gained increasing attention due to the compounded effects of climate
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change, urbanization, and the UHI phenomenon. Building façades play a significant role
in influencing OTC by modifying microclimatic conditions and shaping the usability of
outdoor spaces.

This section reviews twenty-three studies that examine the impact of façade materials
on OTC. Similar to indoor thermal comfort research, OTC is influenced by climatic variables
(air temperature, humidity, wind velocity, and mean radiant temperature), as well as
physiological and behavioral factors. Over a hundred indices for assessing OTC have been
proposed [21,22], of which four are widely used: Physiological Equivalent Temperature
(PET), Universal Thermal Climate Index (UTCI), Predicted Mean Vote/Percentage People
Dissatisfied (PMV/PPD), and Standard Effective Temperature (SET*)

1. Physiological Equivalent Temperature (PET) is based on the MEMI heat budget model
using variables metabolic activity (M), physical work output (W), net radiation of the
body (R), convective heat flow (C), latent heat used to evaporate water that diffuses
as vapor through the skin (ED), sum of heat for air heating and humidification (ERe),
heat loss via sweat evaporation (ESw), and body heat storage for heating or cooling
(S) [23]. Its equation is written as:

M + W + R + C + ED + ERe + ESw + S = 0

2. Universal Thermal Climate Index (UTCI) is derived by coupling the thermo-
physiological UTCI-Fiala multi-node model [24] and the clothing model [25] for
a given meteorological condition. Key variables in its calculation include air temper-
ature (Ta), mean radiant temperature (Tr), water vapor pressure (pa), wind speed (va), and
deviation from the air temperature (Offset). The equation is written as below [26]:

UTCI (Ta, Tr, va, pa) = Ta + Offset (Ta, Tr, va, pa)

The heat-balance equation for the UTCI-Fiala model is based on the energy budget
from: (1) overall body heat exchange through metabolic rate activity (M), mechanical power
(W), and change in heat content of the body-storage (S); (2) peripheral (skin) heat exchanges
through turbulent flux of sensible heat (QH), radiation budget (Q*), and turbulent flux of latent
(QL); (3) heat (passive diffusion of water vapor through the skin) through turbulent flux
of latent heat (sweat evaporation) (QSW); (4) respiratory heat exchanges through respiratory
heat flux (sensible and latent) (QRe); and (5) thermal environmental parameters, namely, air
temperature (Ta), mean temperature (Tmrt), air speed relative to the body (v), and partial
vapor pressure (e). Its equation is written as [27].

M − W − [QH (Ta, v) + Q* (Tmrt)] − [ QL (e, v) + QSW (e, v)] − QRe (Ta, v) ± S = 0

3. Predicted Mean Vote/Percentage People Dissatisfied (PMV/PPD) was derived by O.
P. Fanger [28] using variables, namely metabolic rate (M), external work (W), and total
heat loss from the body (Hloss). The PMV equation in its simple form is given as

PMV = [0.303 × e−0.036M + 0.028] × [(M − W) − Hloss]

Heatloss is computed from convective heat loss (Qc), radiative heat loss (Qr), evap-
orative heat loss from skin (Qe), and heat loss through respiration (Qres), and is
written as

Hloss = Qc + Qr + Qe + Qres

4. Standard Effective Temperature (SET*) was derived in Berkeley by [29] and is com-
puted using two-node thermoregulation models and heat-balance equations
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2.2. Outdoor Acoustic Comfort

Acoustic comfort refers to the perceived well-being and satisfaction with the acoustical
conditions of a given environment [30]. It is a critical factor in both indoor and outdoor
settings, influencing how individuals experience and interact with their surroundings.
In indoor environments, acoustic comfort pertains to a building’s ability to minimize
external noise and create a quiet, distraction-free space that supports productivity and
social interaction [31]. Similarly, in outdoor environments, acoustic comfort plays a crucial
role in shaping the urban experience, significantly affecting the public’s enjoyment and
overall perception of urban spaces [32]. A key element influencing acoustic comfort is
the building envelope, which acts as a barrier against noise and contributes to creating
acoustically balanced spaces. Numerous studies have highlighted the significant impact of
building façades on occupants’ acoustic experiences [33]. In urban settings, façades can
enhance outdoor acoustic comfort by mitigating unwanted noise, and their effects can
be classified into three main categories: sound reflection, sound absorption, and sound
production [34]. Some of the common metrics used for the acoustic performance of building
façades include Sound Transmission Loss (STL), Sound-Pressure Level (SPL), Sound-Absorption
Coefficient (α), and Noise-Reduction Coefficient (NRC). Calculations of each of these metrics
are given below:

1. The Sound Transmission Loss (STL) could be calculated using the equation below:

TL (dB) = 10 × log (W1/W2)

where ‘W1’ is the sound power incident on a wall, and ‘W2’ is the sound power
transmitted through a wall.

2. The Sound-Pressure Level (SPL) equation could be written as

SPL (dB) = 20 × log10 (p/p0)

where ‘p’ is the measured sound pressure and ‘p0’ is the reference sound pressure.
3. The Sound-Absorption Coefficient (α) is calculated as

α = la/li

where ‘la‘ = the sound intensity absorbed by the material and ‘li’ = the incident
sound intensity.

These metrics offer valuable insights into how various façade materials and configu-
rations impact sound propagation and overall acoustic conditions. This section reviews
the impact of façade materials and green walls on outdoor acoustic comfort. The findings
offer a deeper understanding of how design interventions, such as material selection and
vegetation integration, can mitigate noise and enhance urban soundscapes.

2.3. Outdoor Visual Comfort

Visual comfort refers to lighting conditions that prevent strain, discomfort, or dis-
tractions. The EN standard defines it as “the subjective state of visual health caused by
the visual environment.” [35]. Although horizontal illuminance remains the default de-
sign metric, field studies show that vertical eye illuminance and luminance-based indices,
such as luminance ratios, Daylight Glare Probability (DGP), and Daylight Glare Index
(DGI), correlate more strongly with perceived comfort. Preferred work-plane levels typ-
ically range from 100 to 3000 lux, with most occupants favoring levels between 300 and
2000 lux. Because no single index performs reliably across all daylight and electric-lighting
conditions, DGI remains the most widely used practical benchmark, underscoring the
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need for a more transparent framework to guide metric selection and to develop more
comprehensive visual-comfort indices [36,37].

While commonly studied indoors, visual comfort is equally important in outdoor envi-
ronments. OVC results from the interaction between materials in the outdoor environment
and lighting levels. Although both horizontal and vertical surfaces contribute to the visual
comfort, this review focuses mainly on the latter—building façades. The focus of visual
comfort studies has been either to mitigate the visual glare or to enhance visual pleasure. A
comprehensive understanding of visual comfort in outdoor environments is best achieved
through an examination of the state of the art in factors and performance indicators.

3. Methodology

This study is a comprehensive review that synthesizes findings from 41 peer-reviewed
publications, including journal articles, conference proceedings, and review papers, to
evaluate how building façades—particularly materials and vegetative systems—influence
OEC. The review emphasized studies that addressed performance metrics, contextual
variables (e.g., climate, orientation), and façade mechanisms.

The literature search was conducted using three major academic databases—Scopus,
ScienceDirect, and Google Scholar—chosen for their comprehensive coverage of high-
impact studies in architecture, urban design, and environmental science. The keyword
selection was based on two sets of queries: first, for thermal, acoustic, and visual comfort;
and second, for materials and green façades. The following Boolean operators were used
to identify the scope of work in this study:

1. (“outdoor thermal comfort” OR “exterior thermal comfort” OR “external thermal
comfort” OR “ambient thermal comfort”) AND (“building façade” OR “building
envelope” OR “exterior wall”)

2. (“outdoor visual comfort” OR “urban visual comfort” OR “visual comfort”) AND
(“building façade” OR “building envelope” OR “exterior wall”)

3. (“urban acoustic” OR “acoustic comfort” OR “outdoor noise”) AND (“building façade”
OR “building envelope” OR “exterior wall”)

4. (“vertical green systems” OR “green walls” OR “living walls” OR “material perfor-
mance”) AND (“building façade” OR “building envelope” OR “exterior wall”).

The reviewed articles were selected from works published between 2010 and 2024,
with a specific focus on urban outdoor environments and façade strategies that impact
at least one domain of OEC. The selection process is illustrated in Figure 1, following
a PRISMA-style flow diagram for transparency. The identification of records from the
databases included 920 articles. All duplicated articles were removed before screening. In
the screening process, titles and abstracts were screened to eliminate unrelated records.
Next, all the full papers were screened to ensure the following exclusions were met:
(1) focusing on indoor environments; (2) lacking a direct focus on façade materials or
green façades; and (3) any non-English-language and non-peer-reviewed publications.
Finally, a total of 41 articles meeting these criteria were included in the review. Refer to
Figure 1 for the flow diagram on the selection of works.
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Figure 1. Flow diagram for the selection of works.

After screening and eligibility checks, the selected studies were grouped into three
comfort categories: OTC, OAC, and OVC. Within each category, studies were analyzed to
assess the role of façade materials and green wall systems in influencing environmental
parameters, including temperature, noise levels, and visual glare. Furthermore, the studies
were categorized into two levels: building and urban. The building category considers
studies near buildings, while the urban category encompasses buildings in urban blocks or
neighborhoods. This review was guided by the following research questions (RQs):

• RQ1: What types of materials and vegetation have been investigated in façade design
for improving outdoor comfort?

• RQ2: Which performance metrics are most commonly used to assess their impact on
OTC, OAC, and OVC?

• RQ3: What measurable outcomes have been reported, and how can these findings
inform the design of future climate-responsive façades?

This methodology provides a transparent and structured foundation for synthe-
sizing interdisciplinary research on façade-driven outdoor environmental comfort in
urban contexts.

4. Results

Based on 41 articles, a literature review was conducted by grouping the total number
of articles into the three OEC domains: OTC, OAC, and OVC. Next, the façade categories,
façade materials, and green façades were extracted to create a subgroup from which their
types were extracted for each domain. The common OEC metrics used in these studies
were then gathered along with their findings. Additionally, studies were then grouped
under buildings or urban scale, as another layer of information. All these groupings are
synthesized and highlighted in Table 1.
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The results were based on an analysis structured and conducted at three levels for
each of the two categories: materials and green façade, for each of the three comfort factors.
The first level involved investigating the “Performance Determinants” through the lens of
Material/System Properties, Design Parameters, and Climatic Context, which contributed
to OEC. The second involved extracting the popular “Models/Metrics” used for each
category. The third level identified the “Material Types” or “Green Façade Types” in the
literature. A detailed table of this analysis is found in the Supplementary Materials listing
the findings from each article.

4.1. Outdoor Thermal Comfort and Façade Materials
4.1.1. Performance Determinants

The review results highlight the primary and secondary factors that exhibit the
relationship between materials in the envelope system and OEC. Primary factors in-
clude material properties, while secondary factors include urban design parameters and
climatic context.

Material properties as primary factors are direct factors impacting the outdoor envi-
ronment and include: solar reflection (SR) & emissivity (e) [10,11]; thermal mass (Tm) [10]; heat
retention (Hr) [10,38]; thermal flux (Tf) [38]; albedo (A) [7,11,39]; solar absorption (SA) [40]; retro
reflectivity, where light returns to its source [6,11]; diffused reflectivity, where light scatters
at different angles [11]; solar absorbance in Building Integrated Photovoltaic (BIPV) [41]; and
color & texture [10,42].

Climatic context and urban design parameters are the secondary factors that indirectly
impact the material performance of an envelope system. Climatic contexts include the Tropi-
cal rainforest (Af) context of Singapore [41]; the Hot semi-arid (BSh) context of Iraq [17], Agadir,
Morocco [43], Shiraz, Iran [10], Biskara city, Algeria [38] and Errachidia, Morocco [43]; the
Humid subtropical (Cfa) context of Toyohashi, Japan [11] and Parma, Italy [42]; the Temperate
oceanic (Cfb) context of London, UK [39] and Zurich, Switzerland [41]; the Hot summer
Mediterranean (Csa) context of Fez, Morocco [43], and Rome, Italy [6]; the Humid continental
(Dfb) context of Munich, Germany [40]; and the Humid Continental (Dwa) context of Tianjin,
China. Urban design parameters include sky view factor (SVF) [42]; aspect ratios [11,38,43];
orientation [38]; canyon width [41]; and urban geometry and building height [17,41,45].

Urban parameters like aspect ratios, canyon widths, and orientation are essential to
UHI, and their connection with façade materials has been extensively studied to understand
the OTC levels in these areas. Materials show high heat retention or cooling capacity
in specific urban configurations. For instance, while brick can cause a heat retention
range varying from 70% to 93% within the same canyons, limestone, in a north–south
orientation, can provide a cooling efficiency range from 85% to 100% in deep and shallow
canyons [38]. Another study showed that retroreflective (RR) walls demonstrated better
performance in higher urban aspect ratios [11]. Other urban parameters include ground
surface material, building typology, building height, and canyon width. These parameters
were explored in a study finding that ground surface material was the most influential
factor, and street width was the most effective factor affecting the OTC levels [41]. Another
study showed that façades in high-rise configurations have a higher impact on OTC levels
than in low-rise urban settings [17]. Urban geometry also affects solar availability on
building façades, impacting the OTC levels of an outdoor urban space. A recent study on
24 urban configurations in London explored the amount of solar availability on façades,
highlighting that three urban parameters, namely layout complexity, standard deviation
of building height, and directionality, affected the diffuse and direct solar irradiance, thus
impacting the OTC levels [45]. A study in Moroccan cities exploring the heat flux from
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façades with conventional brick walls and historic thick walls showed that medium aspect
ratios are best suited to achieve acceptable PMV levels [43].

Physical properties, such as color, texture, emissivity, and solar reflectance, have been
crucial in understanding the relationship between building façades and OTC levels. A
study examining how physical traits affect PET levels found that materials with high albedo
(light-colored cement, travertine, or aluminum) raise the mean radiant temperature and
PET index despite having lower surface temperatures [10]. However, a comparative study
of two different reflective materials (with high albedo), RR and diffuse highly reflective
(DHR) materials with similar solar reflectance showed that, unlike DHR, RR exhibited
better performance in reducing thermal environment indicators, namely (Wet-Bulb Globe
Temperature (WBGT) & new Standard Effective Temperature SET*); and radiation indica-
tors (sol-air temperature (SAT) & change in operative temperature (COT) [11]. A similar
experimental study investigating the albedo values of RR material on façades showed that
albedo increased from 38.2% to 42.3%, with the incident angle of the light beam ranging
from 8◦ to 60◦ angles [6]. It is also found that materials with high thermal mass and low
emissivity can result in lower air temperatures [10]. A neighborhood-scale computational
study in the humid continental climate of China, exploring the effect of wall albedo change
from 0.3 to 0.7, showed a decrease in the wall surface T [7].

4.1.2. Models/Metrics

The review also highlights various performance indicators used to understand the
impact of envelope materials on OTC. Two performance indicator categories were used
in these studies: (a) OTC metrics such as PMV [17,43], UTCI [40,41], SET* & COT [11];
PET [10,38]; and (b) meteorological variables include surface temperature (surface T) [7,10],
air temperature (air T) [41,42], direct and diffuse solar radiation [45]; mean radiant temperature
(MRT) [10]; wet-bulb globe temperature (WBGT), and sol-air temperature (SAT) [11].

4.1.3. Material Types

The review identified two main categories for material types that were studied to
evaluate their performance. These are conventional and advanced materials.

Conventional materials: Most research focused on the first category—conventional
materials—that included materials such as brick [10,17,38–40,42,43], which was found to be
the most widely researched material. This was followed by concrete [10,17,38,40,42]. Other
conventional materials included aluminum [10], glass [39], cement [10,40], and different
types of stones [10,17,38,42].

Studies have shown that certain materials have a significant impact on OTC levels,
particularly in a specific climatic context. A comparative study of twenty commonly
used façade materials in sunny and shade conditions in the hot-arid climate of Iran. It
showed that façade surface temperature (Ts) is affected by solar reflection, emissivity, and
heat capacity properties of materials [10]. The studied materials were brick (cream/red),
cement (white), travertine (white/cream/brown/gray), granite (black/gray), ceramic
(brown/cream), porcelain (cream/gray), artificial stone (beige), marble (cream/white),
aluminum composite (gray), concrete (multicolor), and living wall (continuous/ modular).

Another study in the hot semi-arid climate of Iraq explored five façade materials,
namely clay bricks, thermo-stone, glazed panels, granite finish, and concrete blocks, to
assess their impact on OTC levels measured through PMV [17]. The findings showed that
burnt brick had the worst impact, while thermos-stone and granite walls had the best
effect on PMV levels. A study in the hot-dry climate of Biskara, Algeria, investigated four
façade materials—hollow brick, concrete hollow block, [adobe] mud brick, and limestone—
deriving six material thermal flux categories and highlighting the best material in each

168



Buildings 2025, 15, 2829

case [38]. For instance, limestone was the best material, with a high cooling category (above
60–100%) while brick, concrete, and adobe fell into the extreme heat category.

A large-scale physical model study of a neighborhood in London, comparing the
albedo for brick wall, aluminum cladding, and curtain wall, highlighted that the curtain
wall, as compared to the aluminum and brickwork façade material, exhibited a lower
contribution to the canyon albedo during the day [39], thus implying its poor contribution
to acceptable OTC levels in summer. A simulation study of three façade materials, brick,
concrete, and plastered insulation with two colors, and their impact on UTCI, conducted
in the continental climate of Munich, showed that the concrete material with high solar
absorption (80%) had the least UTCI stress, while plastered insulation with low solar
absorption (30%) had the highest UTCI stress [40].

While most of these studies showed a strong relationship between materials and
OTC, a study on conventional materials stoneware panels (light gray and red colors),
high-pressure laminate (HPL) panels (light gray and intense red colors), exposed brick, and
concrete in marine climate of Italy showed significantly fewer differences in the simulation
results of air T for the case study [42]. The authors highlight that the sky view factor (SVF)
of the urban canyon (nearly 1) could have played an important role in these findings.

Advanced materials: Besides conventional materials, there has been an increased
interest in advanced materials such as RR [6,11]; DHR [11]; and BIPV [41]. It has been
found that reflective materials/coatings in façades help mitigate the UHI effect in urban
canyons. There have been studies that explored reflective materials, namely RR material—
that returns the light back to the source material—and DHR material—that reflects light
at many angles (i.e., scatter light), rather than just one. An experimental study using RR
and DHR wall models showed that RR walls showed improved OTC levels (SET* and COT
as thermal comfort indices) compared to DHR [11]. However, the Computational Fluid
Dynamics (CFD) analysis of the same wall models in this study showed a negligible effect
on air temperature.

While high solar reflectance and high solar emittance are ideal material characteristics
to reduce the UHI effect, there is a constant rise in the use of BIPV façades to help with
onsite energy generation. The inherent solar radiation-absorbing characteristic of BIPV
makes it a heat source and thus amplifies the UHI effect when it is used as a façade material.
However, their relatively low thermal mass in assembly design helps with quick heating
and cooling of the rear-ventilated surfaces. A study on BIPV façades in eighty different
urban simulation scenarios showed that the use of BIPV in different climates produces
different OTC level ranges. Lower air T ranges result in narrower UTCI ranges, as seen in
Singapore, while the opposite is true in Zurich, which has higher ranges [41].

4.2. Outdoor Thermal Comfort and Green Façades
4.2.1. Performance Determinants

Green façades impact OTC levels in outdoor environments. Green façade system
properties are the primary factors exhibiting a direct relationship between the green façade
system and OTC, while urban design parameters and climatic context are the secondary
factors, with an indirect relationship. Green façade system properties comprise plant
properties, type of plant, leaf area index, leaf angle, plant foliage thickness, percentage
of wall coverage, emissivity of substrate, water coefficient of plant substrate, etc., which
impact the thermal performance of the green wall [10,14,16,50].

The review highlights urban design parameters as one of two indirect factors im-
pacting the thermal performance of green façades. These include façade orientation [14];
distance from the wall [13,14,49]. The other factor in these studies is climatic context, such
as the tropical rainforest (Af) context [50]; the hot semi-arid (BSh) context of Shiraz, Iran [10];
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the humid subtropical (Cfa) context of Guangzhou, China [16,50]; the temperate oceanic
(Cfb) context [50]; the hot summer Mediterranean continental (Csa) context of Madrid,
Spain [13,49,50]; and the hot summer humid continental (Dfa) context of
Chicago, USA [14,50].

The findings of this review indicate that green façade systems help reduce PET levels.
A comparative study of twenty façade materials highlighted that living walls showed
the lowest PET levels and surface temperature (Ts) during the day [10]. The study also
highlights that living walls, although expensive, can help mitigate glare problems due to
high solar reflectance. Another study on green façades in transitional/shaded areas in
the humid subtropical climate of Guangzhou, China, showed that the average PET was
reduced by 2.54 ◦C and 1.43 ◦C compared to the unshaded area [16].

Moreover, similar results have been observed for microclimatic meteorological vari-
ables. For instance, a review study of vertical greening in historic urban context highlights
its advantages thanks to its characteristics of reducing fluctuation in microclimate variables,
namely surface temperature (Ts), air temperature (Ta), relative humidity (RH), solar irradi-
ation (SR), and particulate matter (PM) [50]. Another study with similar variables in an
urban context of a Mediterranean climate showed reduced fluctuations in air temperature
(Ta), relative humidity (RH), and solar irradiance (SR) measured at four distances from
the green wall [49]. A different climatic context, namely, the humid continental climate of
Chicago, showed similar results. The research exploring the effect of a ~20 cm thick layer
of Boston ivy (Parthenocissus tricuspidata) on environmental conditions demonstrated
that the ivy reduced the surface temperature (Ts) by an average of 0.7 ◦C and the outdoor
air temperature (Ta) by an average of 0.8–2.1 ◦C depending on the façade orientation [14].
A similar field measurement study of green vs bare walls in the cold semi-arid climate
of Madrid, Spain, showed that green walls help with reducing temperatures in outdoor
microclimates [13]. The study also demonstrated that reduced air temperature (Ta) in
summer was about 2.5–2.9 ◦C, while in autumn the record was 1.5 ◦C.

4.2.2. Models/Metrics

The performance indicators used to understand the impact of green façades on the
OTC include the OTC metric, namely, PET [10,48]; and meteorological variables such
as surface temperature (surface T) [10,14,50], globe temperature (globe T) [48]; solar reflectance
(Rs) [10]; air temperature (air T) [13,49,50]; relative humidity (RH) [48–50]; solar irradiation
(SR), [50]; wind velocity (W) [48]; and mean radiant temperature (MRT) [48].

4.2.3. Green Façade Types

Green façades are typically categorized into two types based on their design and
percentage of coverage—(a) living wall systems with modules, substrate for plants, and a
water system (irrigation/drainage) [10,13,49], and (b) green walls with climbing plants on
façades [14,16]. These are referred to as ‘continuous living walls’, ‘modular living walls’,
‘green walls’, ‘vertical green system, ‘ivy façade’, etc. [16,18] in the literature. Besides the
system design, plant types also play a significant role in their performance with respect to
OTC. The list of plant types studied here comprises: Heuchera americana “dale’s strain”;
Sedum acre “golden carpet; Sedum album “coral carpet”; Thymus communis; Lonicera
nitida “maigrun”; Heuchera americana “palace purple”; Carex oshimensis; Delosperma
cooperi; Gazania rigens; Thymus vulgaris; and ivy façade with a 20 cm thick layer of Boston
ivy (Parthenocissus tricuspidata) [14,49].
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4.3. Outdoor Acoustic Comfort and Façade Materials
4.3.1. Performance Determinants

The acoustic performance of building façades plays a crucial role in shaping urban
soundscapes by influencing noise levels and enhancing outdoor acoustic comfort. Various
studies have examined the effects of different façade materials, geometries, and design
strategies on sound absorption, reflection, and diffusion in urban environments. The
primary and secondary factors exhibiting the relationship between materials and OAC are
material properties and façade design parameters. The material properties in this research
are direct factors that impact the acoustic comfort and include sound absorbance (sound
reflection) [51,54] and reflectivity [19]. The façade design parameters are the indirect factors
impacting the acoustic performance of an envelope system and include façade geometry
details [51,56], corner cube retroreflective facades [55], louvres [8], exposed vs shielded facades [8],
façade height [53], perceiver location [19], and balcony design [8,19,51,54].

Façade design parameters include geometric configurations that significantly impact
noise attenuation, with research indicating that incorporating sound-absorbing cladding
can reduce the SPL by up to 10 dB on the treated façade and 3 dB on the opposite façade.
This highlights the importance of early integration of shape and material optimization in
achieving acoustic comfort [51]. Additionally, different materials exhibit varying reflective
properties, with clinker brick and mineral plaster producing higher sound reflections
compared to HPL hardboard, which has lower reflection values by up to 0.8 dB at a height
of 2 m [52].

The role of façade geometry is further emphasized in studies analyzing retrore-
flection effects, where specific geometries, such as corner cube arrays, resulted in in-
creased retroreflection levels by 5–20 dB compared to flat surfaces, particularly in the
2000–4000 Hz frequency range [55]. These findings underscore the significance of façade ge-
ometry in redirecting sound energy and enhancing acoustic comfort in urban environments.
Furthermore, a systematic review of building envelope strategies identified that textured
façades and sound-absorbing materials could achieve noise-reduction levels ranging from
5.8 dBA in exposed street canyons to 7.3 dBA in shielded areas, with elements such as
balconies and louvres contributing to improved sound diffusion and absorption [8]

Experimental research in university courtyards has demonstrated that taller façades
with reflective materials, such as concrete and large glass surfaces, resulted in prolonged
reverberation times, reducing speech clarity and intelligibility, whereas shorter façades with
diffusive materials showed improved acoustic conditions [53]. Similarly, noise mitigation
studies in urban street canyons found that materials such as pumice stone and refractory
brick provided up to 5.1 dB insertion loss at 5 kHz, while cork wood and metal wool offered
lower noise-reduction capabilities, emphasizing the importance of selecting materials based
on their frequency-dependent performance [54].

Balcony design is also critical in OAC. For instance, a study shows that balconies
behave acoustically like coupled cavity resonators that trap and dissipate part of the
incident sound energy [65]. A psychoacoustic study further emphasized that moder-
ate façade absorption (e.g., αw ≈ 0.55) resulted in optimal outdoor acoustic comfort,
while overly reflective or highly absorptive materials caused discomfort. The study high-
lighted the importance of façade absorption properties in combination with balcony design
and sound sources in shaping perceived comfort levels [19]. Recent advancements in
computational methods, such as rule-based frameworks and Boundary Element Method
(BEM) simulations, have enabled dynamic adaptation of façade geometries to acoustic
constraints, revealing that curvilinear surfaces produce better sound scattering compared
to planar designs. This approach allows for scalable and efficient acoustic evaluations in
urban planning [56].
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4.3.2. Models/Metrics

The performance indicators used to understand the impact of façade design on
the OAC include sound-pressure level (SPL) [51,53], A-weighted equivalent sound level
(LAeq) [52,54], reverberation time (RT) [53], early decay time (EDT) [19,53], speech definition index
(D50) [19,53], Rapid Speech Transmission Index (RaSTI) [53], sound-absorption coefficient [54],
early reflection SPL [55], noise abatement measured through insertion loss [8], speech transmission
index (STI) [19], speech clarity index (C50) [19], music clarity index (C80) [19], lateral energy
fraction (LF80) [19], perceived comfort [19], reflected sound pressure [56], and noise reduction [8].

4.3.3. Material Types

Types of materials explored in OAC include glass [51,53], brick [52,54],
plaster [51,52], high-pressure laminate (HPL) [52], concrete [53], pumice stone [54], cork [54],
metal wool [54], foam [54], nylon and polyester compound [54], and stainless steel
sponge [54]. A comparative analysis of multiple materials conducted in narrow verti-
cal strips (comprising only 8–17% of the wall area) made of porous pumice or refractory
brick achieved a 3–5 dB insertion loss across the 1.25–5 kHz band. In contrast, the untreated
hard wall provided virtually no mitigation [54]. Another study showed that a rigid lami-
nate (HPL) panel added only 0.8 dB of reflection at 2 m from the wall. In contrast, mineral
plaster and clinker brick returned 2.5 dB and 2.8 dB, respectively, confirming that HPL
behaves as the most acoustically “soft” of the three claddings [52].

The impact of façade materials on urban acoustics is multifaceted, involving a combi-
nation of material properties, geometric configurations, and strategic design interventions.
Studies have shown that sound-absorbing materials, geometric adaptations, and integrated
design approaches can significantly improve acoustic comfort in urban environments. Fu-
ture research should continue exploring innovative materials and computational techniques
to enhance the acoustic performance of urban façades.

4.4. Outdoor Acoustic Comfort and Green Façades
4.4.1. Performance Determinants

Similar to OTC, green façade system properties serve as the primary factor for OAC
performance and comprise plant type, leaf area index, leaf area density, angle of leaf
orientation, growing medium, coverage, substrate design (type, thickness, and moisture
content), structural design, construction materials, and air layer [15,57,58,60]. For instance,
a recent review study has demonstrated the potential to reduce noise levels by up to
40 dB, depending on system design, plant type, and substrate composition [57]. Other
studies have highlighted the effectiveness of green façades in reducing noise through
variations in vegetation density, substrate properties, and structural design. Green
walls with moderate greenery coverage (65–80%) and optimized structural support sys-
tems, such as recycled wood-plastic composites, provide significant noise-reduction ben-
efits, particularly in the low-to-mid-frequency range (~1000 Hz) [15] Substrate thickness
plays a crucial role in absorption, with thicker substrates achieving noise reductions of
5–10 dB, whereas thinner substrates result in lower reductions (2–3.9 dB) [58]. The presence
of specific plant species, such as Bergenia cassifolia and Jacobaea maritima, enhances
absorption, with larger leaves contributing more effectively to mid-high frequencies and
smaller leaves performing better at high frequencies [59].

Research also indicates that indirect green façades, installed with an air gap between
the wall and vegetation, perform better than direct installations, achieving up to 2 dB
greater noise reduction [57]. Additionally, studies have highlighted that the moisture
content in the substrate can negatively impact performance by filling air pockets and
reducing overall absorption efficiency [15]. Field studies have confirmed that modular
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green wall systems can improve sound absorption across all octave bands, with the best
performance observed at mid to high frequencies [60]. Moreover, studies have shown that
adding water to the growing medium can negatively impact noise absorption, as it fills the
air pockets that contribute to acoustic attenuation [58]. Green walls have demonstrated
an absorption coefficient of up to 0.40 in laboratory tests, with the best results seen in
the mid-to-high frequency range [59]. In addition, studies conducted in street canyons
suggest that full façade coverage is not necessary to achieve effective noise reduction;
partial coverage can provide similar results with lower installation costs [57].

On the other hand, the secondary factor design parameters contributing to noise
reduction include canyon width [57,60], distance from the source [58], and façade width, building
heights, water needs, wall types [60]. For instance, studies have shown that green façades and
living wall systems (LWSs) have emerged as practical solutions to mitigate urban noise
pollution, a significant challenge that impacts human health and well-being. While green
walls offer notable acoustic benefits, their effectiveness varies depending on environmental
conditions and system configurations. The cost-effectiveness of these systems for noise mit-
igation alone has been questioned, emphasizing the need for optimized material selection
and design improvements to enhance performance. Furthermore, green façades are most
effective in narrow street canyons where they can reduce noise reflections and contribute
to overall urban comfort [60].

4.4.2. Models/Metrics

The most common performance metric for acoustic was found to be noise reduction
(NR) [57]. This was followed by sound-reflection levels (SRL) [57], sound-absorption coefficient
(SAC) [15,57–59], noise absorption at different frequencies [58,59], sound attenuation (SA) [59],
and sound reduction index (SRI) [59].

4.4.3. Green Façade Types

Green façades in this section have been categorized into (a) living wall systems and
(b) green walls [57]. While the substrate design and its construction have been identified as
contributing factors, the plant type also plays an essential role in its performance. The list of
plant types studied in this scope includes Jacobaea maritima [15,59], Hedera helix [58], and
Bergenia cassifolia [57,58], and Helichrysum thianschanicum [59]. Overall, green façades are
a promising solution for mitigating urban noise, providing measurable reductions across
various frequency ranges. To maximize their potential, future research should focus on
optimizing substrate properties, vegetation types, and structural configurations to achieve
improved acoustic performance and cost efficiency.

4.5. Outdoor Visual Comfort and Façade Materials
4.5.1. Performance Determinants

Envelope materials play a significant role in OVC, and material properties are a di-
rect factor that interacts with the occupants and impacts their OVC. These include light
reflectance [61,62], material colors [63,64,66], and daylight absorption [9]. Other design parame-
ters include age and gender [61], sky conditions (rainy and clear skies) [63], eye movement [64],
and sky view factor [9].

The study of these factors centers on key issues such as glare, visual fatigue, and
reduced daylight availability. For instance, studies show that glare often hinders clear
vision, causing irritation [9]. Building façades significantly influence pedestrian visual
comfort by affecting material reflectance and daylight illuminance [62]. The authors
of this survey study explored the reflectance of clear versus dark façades in Fribourg,
Switzerland. They found that high-reflectance materials contributed to extreme glare in
bright outdoor conditions [62], highly reflective materials on glazed envelope [61], and
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surfaces with different color attributes [64]. Another survey on highly reflective materials
on glazed envelopes showed that reflective façades significantly impact visual discomfort
by increasing glare duration and prompting avoidance behavior among pedestrians. The
study also showed that males exhibit higher avoidance responses, while females are
more sensitive to glare [61]. Thus, field measurements and user surveys, as research
methods, have contributed to understanding the role of façade material properties in
glare perception and brightness levels. To enhance outdoor visual comfort and reduce
glare-related discomfort, incorporating effective shading strategies is recommended.

In addition to reflectivity, façade color significantly influences outdoor visual comfort,
especially under varying weather conditions. Clear weather conditions resulted in higher
comfort ratings compared to overcast and rainy conditions, highlighting the importance
of color selection in optimizing visual comfort [63]. Eye-tracking studies have shown that
highly saturated or extremely bright colors increase cognitive load and visual fatigue [64].
Excessively bright or saturated façades can contribute to visual discomfort and increased
pupil dilation, underscoring the importance of balanced color application in façade design.

Daylight availability and distribution are also crucial for visual comfort in urban
outdoor spaces. Studies have shown that façade materials and urban geometry have a
significant influence on daylight distribution. In urban areas, the sky view factor (SVF) also
plays a critical role [9]. Higher SVF values enhance daylight penetration, improving visual
comfort in less dense areas, while compact layouts with low SVF restrict daylight access,
leading to visual discomfort [9]. However, research on the specific impact of building
façades on outdoor visual comfort remains limited.

4.5.2. Models/Metrics

Various performance indicators have been identified in the OVC literature. These
include cylindrical illuminance [62], specular façade reflectivity (SFR) [61], perceived glare [61,62],
luminous sensation mean vote [62], discomfort glare (DG) [62], occupant behaviors (wearing
sunglasses, moving hands above eyes, rotating or bending head, and blinking [62], gaze, and
swipe [64]), perceived visual comfort (PVC) [63], luminance contrast (VC) [63], chromaticity
contrast (CC) [63], color attributes (hue, saturation, brightness) [64], daylight glare index [9],
horizontal illuminance, IES luminance ratios, daylight glare probability (DGP) [66], and daylight
glare index (DGI) [9,66]. While the daylight factor is one of the common indicators of
visual comfort, limitations persist in its accuracy, as it does not consider the dynamic
outdoor variations of daylight environments [63]. While some studies have focused on one
metric, others have investigated multiple metrics to assess visual comfort. For instance, the
study in Idaho, USA, explored multiple metrics, namely horizontal illuminance, vertical
illuminance, IES luminance ratios, DGP, and DGI, and found vertical illuminance to be
the best metric [66]. Another study using cylindrical illuminance sensors identified highly
reflective materials as major contributors to excessive glare, especially in high-illuminance
areas [62]. One of the key outcomes of this study underscores cylindrical illuminance as a
tool to analyze the geometry of the “open space”-(the space offering the largest free sky
view) and is calculated as

Ecyl = π2 × (fsky × Lsky + fbuildings × Lbuildings + (1 − fsky − fbuildings) × Lground)

where: Lsky, Lbuildings and Lground are the luminance of the sky, the buildings, and the ground;
fsky and fbuildings are “form factors” giving the proportion of the sky and the buildings as
“seen” from the specific location. Both values fall within the range of 0 to 1.

Overall, the role of building façades in shaping visual comfort in outdoor spaces is
multifaceted. Key considerations include reflectivity, color attributes, material properties,
and shading strategies. Compared to thermal and acoustic comfort, visual comfort remains
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underexplored in façade research. More importantly, in this pool of studies, no research
was found on green façades, making it a key research gap in this topic. Thus, compared to
thermal and acoustic comfort, visual comfort remains underexplored in façade research.

Most studies rely on small-scale experiments or user surveys, with a limited appli-
cation of physiological tracking tools. Future research should incorporate eye-tracking,
EEG-based discomfort monitoring, or VR-based visual simulation to understand how
façade color, reflectivity, and geometry influence outdoor visual experience, especially
under varying climate and lighting conditions.

Summary of results:

This research offers an in-depth understanding of the latest studies on materials and
green wall treatments for façade design, focusing on OTC, OAC, and OVC. Figure 2 is
a visual representation of these findings, structured around the three levels of analysis:
Performance Determinants, Models/Metrics, and Types. The study’s focus is limited to
façade treatment at the building level, which impacts the overall outdoor environment at
the urban level.

Figure 2. Summary of the research findings based on the three elements of analytical structure
exhibiting their interrelationships within the OEC domains for façade materials and green façades.
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One of the key findings of this research is the inventory of various factors under each
section of the three analytical levels considered for the analysis. This inventory can be used
to either develop new materials or assess existing materials in relation to all subsequent
categories, rather than just one category. For instance, the performance of brick cannot be
evaluated solely by its material properties. It is advisable that the other two categories,
namely design parameters and the climatic context, also be considered. Thus, there is
an underlying interrelationship between these features of the Performance Determinants.
Similarly, extending this further, one must also look into the models/metrics associated
with a particular material type.

5. Discussion

This review underscores the critical, yet often underappreciated, role of building
façades in shaping OEC. While traditional façade research has primarily focused on in-
door environmental quality and energy efficiency, this study shows that façade materials
and vegetative treatments greatly impact the thermal, acoustic, and visual quality of
nearby outdoor spaces [5]. Through the analysis of 41 peer-reviewed studies, we offer a
comprehensive synthesis of the measurable and multifaceted contributions of façades to
urban microclimates.

Among the reviewed studies, 24 examined the impact of façade materials or green
façades at the urban scale, focusing on urban blocks or neighborhoods. For example,
Tabatabaei and Fayaz investigated the effects of 20 façade treatments in a neighborhood in
Shiraz [10]. At the building scale, 17 studies focused on immediate surrounding spaces and
explored how façade treatments influence OEC. For instance, Wang et al. studied the impact
of façade color materials on visual comfort in Shanghai [64]. While building-scale studies
have shown façade effects on the immediate microclimate, Prieto and Pastén’s “urban
acupuncture” approach illustrates that these localized benefits can build up over blocks
and neighborhoods. Therefore, we can infer that the interactions between buildings and
urban outdoor environmental quality (OEQ) are likely influential in shaping the broader
urban–OEQ relationship [67].

To consolidate the review findings and highlight the interaction between façade strate-
gies and outdoor comfort outcomes, Figure 3 presents a conceptual framework. It maps
the relationship between two main façade types—material-based and green systems—and
the mechanisms through which they influence OTC, OAC, and OVC. These mechanisms
include high reflectivity, evapotranspiration, sound absorption, shading, and energy dissi-
pation. By visualizing this interaction, the diagram emphasizes the need for integrative
façade design strategies that consider cross-domain impacts.

In the domain of OTC, high-reflectivity materials, light colors, and low thermal mass
have demonstrated the capacity to reduce surface and air temperatures, mitigating the
intensity of the UHI effect [6,11]. For example, materials such as limestone and retrore-
flective coatings reduced thermal load more effectively than conventional materials like
brick or concrete [10]. Green façades, especially those with continuous vegetative cover,
lowered surface temperatures by 2–3 ◦C [10,14] and contributed to average PET reductions
of up to 2.5 ◦C [16]. However, performance varied across climates and façade orientations,
emphasizing the context-dependent nature of these strategies [45,50].

Regarding OAC, studies found that façade geometry and the material’s sound-
absorption coefficients significantly shape urban noise propagation [52,54]. Retroreflective
designs and textured surfaces, such as corner cube arrays or clinker brick, redirected or
dispersed sound energy more effectively than flat, reflective façades [52,55]. Green wall
systems—especially indirect installations with air gaps—achieved noise reductions of up to
40 dB across specific frequency ranges, making them a powerful dual-function intervention
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for both aesthetics and comfort [57]. Nonetheless, performance was influenced by factors
such as substrate thickness, plant type, moisture content, and installation method [15,59].

Figure 3. Conceptual diagram linking façade types (materials and green systems) with operative
mechanisms (e.g., reflectivity, evapotranspiration, and sound absorption) and their respective impacts
on OTC, OAC, and OVC.

In terms of OVC, the literature remains relatively sparse but offers important insights.
Materials with high specular reflectivity contributed to glare and behavioral avoidance
among pedestrians, particularly under clear sky conditions [61,62]. Studies noted that
façades with highly saturated or overly bright finishes increased visual fatigue and pupil
dilation [64]. Conversely, strategic shading devices, moderate color palettes, and attention
to the sky view factor (SVF) were associated with improved luminance balance and reduced
discomfort [9]. While less researched than OTC or OAC, OVC requires increased attention
given its implications for user experience and public space quality.

Importantly, our review also identifies a need for cross-domain evaluation, as some
façade strategies benefit one domain while potentially compromising another. For instance,
while high-albedo surfaces improve OTC by reducing heat gain, they may worsen OVC by
increasing glare [68] Similarly, green façades improve both acoustic and thermal comfort
but require maintenance and are highly climate-sensitive [55]. These findings necessitate
integrative assessments of façade performance, which account for the synergies and trade-
offs among thermal, acoustic, and visual metrics.

Quantitative comparisons across studies further illustrate the value of multi-functional
façade interventions. Green walls demonstrated temperature reductions of 2–3 ◦C, noise
attenuation of up to 40 dB, and absorption coefficients as high as 0.40 in laboratory set-
tings [59]. Retroreflective façades improved thermal indices like WBGT and UTCI more ef-
fectively than diffuse reflective materials [11]. While exact values varied due to geographic,
geometric, and climatic differences, these ranges highlight the measurable potential of
façade treatments for enhancing OEC [38].
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Although these promising findings are encouraging, several limitations are apparent.
Our study shows that the geographic distribution of research is heavily concentrated in tem-
perate and arid climates, with fewer assessments in tropical, high-humidity, or high-latitude
areas. [34,50]. This limits the generalizability of design recommendations. Moreover, the
studies rely on varied comfort indices and modeling tools, making cross-study comparisons
difficult [21]. Furthermore, since green façades have shorter lifespans compared to hard
materials, we recommend investigating the sensitivity analysis for the durability of various
systems [57,59]. However, since the performance and the environmental impact of the
same remain higher, it still serves as a sustainable solution for green façades.

To address these gaps and support more robust design practices, we recommend a
multi-pronged research agenda. Future work should pursue interdisciplinary methods that
simultaneously model thermal, acoustic, and visual comfort outcomes. Long-term field
studies are needed to validate simulation results and capture seasonal or maintenance-
related effects, particularly for vegetative systems. Additionally, certain studies in the OTC
domain have explored advanced computational techniques, such as machine learning and
AI-driven generative design for predicting statistical indices [69]. Such approaches can be
extended to predict OEC outcomes based on façade properties, providing designers with
faster and more holistic performance feedback during early planning phases.

Beyond academic implications, integrating OEC into façade design supports broader
sustainability goals. By aligning with policy frameworks such as the United Nations
Sustainable Development Goal 11 (Sustainable Cities and Communities) and green building
certifications (e.g., LEED, WELL), these strategies can help cities create healthier, more
inclusive environments [70,71]. Simulation tools and decision-support systems should
advance to incorporate outdoor comfort metrics, in addition to traditional energy and cost
factors, to facilitate evidence-based design and ensure regulatory compliance [30,69].

While individual studies often focus on one domain of comfort, façade strategies
usually affect multiple parameters simultaneously. Integrated design approaches must
weigh the trade-offs to deliver holistic outdoor comfort. The conceptual model presented
(Figure 3) supports such assessments. This review advocates for a paradigm shift: from
façades as static barriers to façades as dynamic, multi-functional elements that actively
shape microclimate, comfort, and public well-being. Through thoughtful material selection,
geometric consideration, and vegetative integration, façade design can serve as a powerful
lever in building not only energy-efficient but also climatically responsive and socially
inclusive urban environments.

6. Conclusions

This review examined 41 peer-reviewed studies published from 2010 to 2024 to assess
how façade materials and green systems influence OEC. The study confirms that building
façades are not just architectural elements for enclosure or aesthetics but active components
that affect outdoor environment quality in thermal, acoustic, and visual aspects.

Out of all the studies, 24 focused on urban-level analysis, while 17 examined individual
buildings. This trend highlights a growing focus on the interaction between building
façades and OEC. Moreover, the OTC domain was found to be explored more than the OAC
and OVC, highlighting further research potential in the latter two domains, particularly
OVC. A major finding of this research is the necessity for a broad cross-domain study
encompassing OTC, OAC, and OVC, as most existing studies tend to focus on just one
domain. Therefore, we developed a conceptual framework to incorporate façade materials
into the OEC domains.

Another important finding of this study highlights how various features of the ana-
lytical structure (performance determinants, metrics/models, and material/green façade
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types) are interrelated and could significantly impact the OEC. Specific findings in this area
are briefly presented below:

• OTC is impacted by material properties distinctly with close connections to climates
and design parameters. High-reflectivity materials, light colors, and low thermal
mass could reduce surface and air temperatures, thus mitigating UHI intensity. Simi-
larly, green façades could lower surface temperatures and contribute to average PET
reductions around 2.5 ◦C.

• OAC is impacted by design parameters besides material properties. Façade geometry
and the material’s sound-absorption coefficients significantly shape urban noise prop-
agation. Green wall systems, while reducing noise up to 40 dB, also serve as powerful,
dual-function interventions that enhance both aesthetics and comfort.

• OVC, an under-researched area, shows a close association with material properties
and design parameters. Certain materials with high specular reflectivity and saturated
finishes can contribute to glare, visual fatigue, and pupil dilation, which can be
addressed through proper design.

• One façade treatment (façade material or green façade) could impact all three com-
fort factors related to OEC, but trade-offs must be evaluated. For instance, high-
albedo surfaces could improve OTC by reducing heat gain but worsen OVC by
increasing glare.

• Limited work on OEC and façades is available in tropical, high-humidity, or high-
latitude regions. Since OEC is climate- and context-specific, additional research is
required to cover variations in both design conditions.

The analytical structure of this review paves new research pathways exploring the
quantitative interrelationships between the three elements (performance determinants,
metrics/models, and material/green façade types). All in all, this review contributes
to the existing knowledge on building façade design and its impact on the urban fabric.
As metropolitan areas face increasing challenges from climate change, optimizing the
performance of building façades is both a design imperative and a policy opportunity.
Aligning façade strategies with global frameworks such as the UN SDGs can enhance the
livability and resilience of cities. Designers and planners are thus encouraged to consider
building envelopes as part of the larger urban ecosystem.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Metric/Variable

PMV Predicted Mean Vote
UTCI Universal Thermal Climate Index
SET* Standard Effective Temperature (ASHRAE)
COT Composite Outdoor Thermal Index
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Abbreviation Metric/Variable

PET Physiological Equivalent Temperature
Tsurf, Ts Surface temperature
Ta Air temperature
Sdir Direct solar radiation
Sdif Diffuse solar radiation
Tmrt/MRT Mean radiant temperature
WBGT Wet-Bulb Globe Temperature
SAT Sol-air temperature
Tg Globe temperature
Rs Solar reflectance
RH Relative humidity
SR Solar irradiation
PM Particulate matter concentration
DHR Diffuse highly reflective
C50 Speech clarity index (speech)
C80 Music clarity index (music)
D50 Speech definition index
EDT Early decay time
Eref Reflected energy levels
Lp,ref Reflected sound-pressure level
LF80 (or LF) Lateral energy fraction
RASTI Rapid Speech Transmission Index
RT Reverberation time (e.g., RT60, T30)
RR Retroreflective
ρ (or R) Sound-reflection coefficient
SPL Sound-pressure level
STI Speech Transmission Index
α Sound-absorption coefficient (fraction of incident energy absorbed)
α(f) Frequency-dependent sound-absorption coefficient
NR) Noise-reduction value
ρ (or R) Sound-reflection coefficient/reflection level
A Sound attenuation (dB loss through a medium or layer)
R (or Rw) Sound-reduction index (frequency-band or weighted overall value)
Ecyl Cylindrical illuminance
Eh Horizontal illuminance
Ev Vertical illuminance
DF Daylight factor
DGP Daylight glare probability
DGI Daylight glare index
VC Luminance contrast
CC Chromaticity contrast
LSMV Luminous sensation mean vote
LR IES luminance ratio
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