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Abstract

The residential building sector is a significant source of global energy consumption and
carbon emissions, especially in rapidly changing rural areas. In China, the shift from ver-
nacular courtyard dwellings to modern rural housing has altered the relationship among
architectural form, thermal comfort (TC), and energy use. Vernacular dwellings in northern
China employ passive strategies, such as courtyard-centred layouts, high thermal-mass
envelopes, and natural ventilation, to achieve summer comfort with minimal energy input.
In contrast, modern dwellings (brick–concrete) depend more on mechanical cooling and
consume more electricity. This study investigates how dwelling type, spatial configuration,
building materials, courtyard configuration, thermal comfort, and housing satisfaction
interact to shape residential environmental adaptability in rural Handan, Hebei Province.
A questionnaire survey of 383 households was analysed using Partial Least Squares Struc-
tural Equation Modelling (PLS-SEM). To supplement perceptual data, summer electricity
consumption was monitored in 20 typical dwellings from June to August 2025, and on-
site measurements of air temperature, relative humidity, and courtyard air velocity were
conducted in six representative cases. The results indicate that dwelling type significantly
affects spatial configuration and courtyard form, while spatial configuration and courtyard
characteristics together influence material performance. Thermal comfort is identified as
a key mediating variable with a strong direct impact on housing satisfaction. Field mea-
surements confirm that vernacular dwellings have lower summer electricity consumption,
more stable thermal conditions, improved humidity regulation, and higher courtyard air
velocity, indicating superior passive cooling potential. These findings provide empirical
evidence that incorporating vernacular passive design principles into contemporary rural
housing can improve thermal comfort and reduce energy dependence, thereby supporting
climate-responsive, low-carbon rural revitalization strategies.

Keywords: vernacular dwellings; modern dwellings; thermal comfort; energy consumption;
courtyard; PLS-SEM; rural housing

1. Introduction
The building sector is among the most energy-intensive parts of the global economy,

responsible for approximately 35–40% of total energy consumption and nearly one-third
of global CO2 emissions [1,2]. Residential buildings are particularly important because
they directly affect household energy demand, indoor comfort, and daily behavioural
patterns [3–5]. In light of accelerating climate change and rapid rural transformation,
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creating comfortable indoor environments while reducing energy dependence has become
a significant challenge for sustainable housing development [6–8].

In rural northern China, housing construction has rapidly transitioned from traditional
courtyard dwellings to modern brick-and-concrete buildings. Traditional courtyard houses,
such as Sanheyuan and Siheyuan, incorporated passive design features—thick masonry
walls, shaded courtyards, deep eaves, and natural ventilation—that helped regulate indoor
conditions with minimal mechanical assistance [9,10]. These homes exemplified an ecologi-
cal balance between spatial organization, materials, and adaptable lifestyles. In contrast,
modern rural homes prioritize standardized construction, durability, and visual appeal. The
increasing use of impermeable materials and closed layouts has led to reduced ventilation
and limited passive microclimatic regulation [11,12]. Empirical studies indicate that sum-
mer electricity consumption in modern rural homes is typically two to three times higher
than in traditional dwellings, primarily due to air conditioning usage [13,14]. Additionally,
field evidence shows that vernacular houses maintain lower afternoon temperatures and
allow for faster cooling at night, demonstrating superior passive performance. This contrast
underscores an ongoing comfort-energy dilemma: while vernacular dwellings are more
energy-efficient, they are often perceived as outdated. Conversely, modern homes enhance
perceived comfort but come at the expense of increased energy dependence.

Residential thermal performance is influenced not only by the properties of materials
but also by spatial configuration and microclimatic adaptations [15–17]. Courtyard-centred
layouts and semi-open spaces promote natural ventilation and help to buffer temperature
fluctuations. In contrast, structures with enclosed and impermeable surfaces tend to
trap heat, resulting in increased demand for mechanical cooling. Additionally, thermal
comfort is affected by behavioural, cultural, and psychological factors. According to
adaptive comfort theory, occupants modify their expectations and actions—such as opening
windows, using shades, or moving indoors—to maintain their comfort [18,19]. Recent
research highlights the importance of behavioural adaptation and demand-side flexibility
in residential air conditioning, providing valuable insights into thermal comfort and energy
use [20]. However, most studies conducted in rural China have addressed architectural
form, comfort perception, and satisfaction as separate issues. Few have quantitatively
examined how thermal comfort mediates the relationship between dwelling type, spatial
organization, material selection, and overall housing satisfaction within an integrated
empirical model [21,22].

This study examines the relationships among dwelling type, spatial configuration,
building materials, courtyard design, thermal comfort, and housing satisfaction in Shatun
Village, Handan City, Hebei Province, which experiences a warm-temperate continental cli-
mate in northern China. Data were collected from 383 households through a questionnaire
According to ASHRAE Standard 55 [23], Thermal Environmental Conditions for Human
Occupancy, the adaptive thermal comfort model defines the acceptable indoor operative
temperature range under naturally ventilated conditions as a function of prevailing outdoor
climate and analysed using Partial Least Squares Structural Equation Modelling (PLS-SEM).
Additionally, on-site monitoring of electricity consumption, temperature, humidity, and
courtyard airflow provided supplementary validation of the findings related to comfort. In
this context, thermal comfort is understood not only as a result of architectural performance
but also as a perceptual mechanism that connects dwelling form, spatial organization, and
residential satisfaction.

This study enhances research on low-carbon rural housing by integrating subjective
thermal perceptions, measured environmental parameters, and energy use data within a
unified PLS-SEM framework in three significant ways. First, it provides a comparative
evaluation of vernacular and modern dwellings under the same climatic conditions, in-
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corporating both human feedback and objective physical data. Second, it quantifies the
mediating role of thermal comfort between architectural design and housing satisfaction,
addressing an important research gap. Finally, it extends the application of PLS-SEM to
studies of human-environment interaction in rural contexts. The findings offer empirical
evidence and insights relevant to policy-making for developing hybrid rural housing mod-
els that combine traditional passive strategies with modern construction techniques, thus
supporting low-carbon rural revitalization goals.

2. Literature Review
Research on sustainable rural housing is increasingly focusing on the relationship

between building design, material performance, thermal comfort, and user satisfaction,
rather than just on technological efficiency. This review highlights empirical studies that are
most relevant to these aspects, with a particular emphasis on evidence from northern China
and similar continental climates [24]. In this context, housing sustainability encompasses
not only energy reduction but also the ability of dwellings to support long-term thermal
adaptability, comfort perception, and everyday living practices in response to changing
climatic conditions.

2.1. Vernacular Versus Modern Dwellings: Contrasting Approaches to Environmental Adaptation

Vernacular dwellings in northern China, exemplified by Sanheyuan and Siheyuan
courtyard houses, function as climate-adaptive systems developed through sustained inter-
action among environmental conditions, cultural practices, and construction techniques.
Passive design strategies, such as thick masonry or rammed-earth walls, south-facing
courtyards, and deep eaves, collectively regulate solar gain, ventilation, and thermal in-
ertia. These features enable satisfactory thermal comfort (TC) with minimal reliance on
mechanical systems [25,26]. Furthermore, these dwellings integrate spatial hierarchy with
microclimatic regulation, resulting in cohesive passive environmental systems.

In contrast, modern rural dwellings constructed since the 2010s primarily use rein-
forced concrete or brick–concrete structures, prioritizing construction efficiency, standard-
ized layouts, and contemporary aesthetics [27,28]. While these dwellings often enhance
durability and daylight access, they typically diminish passive thermal regulation by reduc-
ing courtyard permeability, increasing impervious surfaces, and adopting more compact or
linear spatial configurations [29,30]. Empirical studies that combine summer electricity con-
sumption data with field-based thermal measurements demonstrate that these typological
changes are linked to increased cooling demand and diminished microclimatic buffering
capacity [31,32]. Consequently, modern dwellings tend to depend more on mechanical cool-
ing, which influences residents’ comfort perceptions and long-term energy consumption
patterns [31,32].

2.2. The Influence of Spatial Configuration and Building Materials on Thermal Comfort

Spatial configuration serves as a key intermediary between architectural form and
environmental performance. Courtyard-centred layouts promote cross-ventilation, gradual
transitions between indoor and outdoor spaces, and the adaptive use of semi-open areas,
collectively enhancing thermal comfort and spatial flexibility [33,34]. Conversely, com-
partmentalized modern layouts disrupt airflow continuity and restrict natural ventilation.
Empirical studies indicate that spatial openness and connectivity are closely linked to
improved perceived comfort and reduced cooling demand [35].

Building materials influence thermal performance through characteristics such as ther-
mal mass, permeability, and moisture buffering capacity. Vernacular materials, including
locally sourced bricks, clay tiles, and timber, help moderate indoor temperature fluctuations
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and relative humidity, resulting in stable thermal comfort across seasons. In contrast, rein-
forced concrete and extensive hard paving, when not adapted to local climate conditions,
can increase heat storage and reduce microclimatic variability [36]. Field measurements
of temperature and humidity in rural dwellings underscore the significance of material–
space integration in shaping indoor and courtyard thermal environments. Additionally,
material authenticity and tactile quality affect residents’ emotional attachment and housing
satisfaction through perceptual and cultural mechanisms [37,38].

2.3. Housing Satisfaction in Relation to Courtyard Configuration

Housing satisfaction is widely regarded as a multidimensional construct that in-
cludes thermal comfort, spatial adequacy, environmental adaptability, and cultural con-
gruence [32,39]. Vernacular dwellings frequently yield higher satisfaction by aligning
spatial form and environmental performance with residents’ daily living patterns. In con-
trast, modern dwellings may present comfort deficits even when equipped with advanced
amenities [40,41].

Courtyards serve as critical adaptive interfaces that connect architectural design,
microclimatic conditions, and occupant behaviour. Research on traditional Chinese court-
yard environments indicates that vegetation, shading, and permeable ground surfaces
can substantially reduce heat stress while improving ventilation and facilitating social
interaction [42]. Empirical studies that integrate humidity regulation and courtyard air
velocity measurements further underscore the importance of courtyards in moderating
summer microclimates and enabling adaptive comfort strategies [43].

2.4. Quantitative Integration and Identification of Research Gaps

Although qualitative research has yielded valuable insights, quantitative integration of
dwelling typology, spatial configuration, building materials, thermal comfort, and housing
satisfaction in rural China remains limited. Most existing studies analyse these variables
independently, resulting in limited connections between subjective comfort perceptions and
objective energy or microclimatic data. Partial Least Squares Structural Equation Modelling
(PLS-SEM) offers a robust approach for examining complex causal relationships among
physical and perceptual constructs [44]. International studies have demonstrated the effec-
tiveness of PLS-SEM in linking spatial design, comfort perception, and adaptive behaviour,
especially when combined with energy monitoring and field measurement [19,45]. This
study addresses these research gaps by developing an integrated PLS-SEM framework
that incorporates questionnaire-based thermal comfort assessments, summer electricity
consumption monitoring, and on-site microclimatic measurements to advance empirical
understanding of climate-responsive adaptation in rural dwellings.

3. Materials and Methods
A quantitative research framework was employed to examine the interrelationships

among dwelling type, spatial configuration, building materials, courtyard configuration,
thermal comfort (TC), and housing satisfaction (HS) in rural Handan, northern China. The
methodological design integrated subjective perception data with objective energy and
microclimatic evidence, facilitating a comprehensive assessment of residential thermal
performance and adaptive comfort in real-world conditions.

The research framework, as illustrated in Figure 1, combines questionnaire-based sur-
veys, electricity consumption monitoring, and on-site thermal environment measurements.
This methodological design adheres to internationally recognized standards for measuring
thermal comfort and environmental conditions [23]; Thermal comfort assessment was con-
ducted in accordance with ISO 7726 [46], which provides analytical methods for predicting
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the thermal sensation and degree of discomfort of people exposed to moderate thermal
environments. The current study presents newly collected empirical datasets, expanded
analytical variables, and a comprehensive Partial Least Squares Structural Equation Mod-
elling (PLS-SEM) framework. The descriptions of the methodology have been thoroughly
refined for clarity and transparency, with relevant prior studies referenced for contextual
background. This research ensures complete originality in data collection, analysis, and
interpretation [8]. A total of 383 valid responses were obtained from households residing
in both vernacular and modern rural dwellings. Socio-demographic variables, including
age, household income, and household size, were collected as control variables to account
for individual differences in thermal perception and adaptive behaviour.

 

Figure 1. Conceptual Framework and Methodological Structure.

Six latent constructs—Dwelling Type (DT), Spatial Configuration (SC), Building Mate-
rials (BM), Courtyard Configuration (CC), Thermal Comfort (TC), and Housing Satisfaction
(HS)—were operationalized using a structured questionnaire consisting of 35 items mea-
sured on a five-point Likert scale. Thermal comfort reflects residents’ overall thermal
perception and seasonal comfort experience, whereas housing satisfaction represents an
integrated evaluation of comfort, usability, and living quality.

Electricity consumption monitoring was conducted from June to August 2025 for
20 representative households, comprising 10 vernacular and 10 modern dwellings, to
complement the subjective summer comfort assessment. Monthly household electricity
use and per capita electricity consumption were recorded to capture cooling-related energy
demand during the peak summer period, thereby providing objective evidence of energy
performance differences between dwelling types.

Field measurements of the thermal environment were conducted from 11 to 12 June
2025 over a continuous 24-h period in six typical dwellings, including three vernacular
and three modern residences. Measurements included air temperature, relative humidity,
and courtyard air velocity, covering indoor spaces, transitional corridors, and courtyards.
The resulting data characterized the microclimatic regulation and the potential for natural
ventilation associated with different courtyard configurations.
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Partial Least Squares Structural Equation Modelling (PLS-SEM) was employed us-
ing SmartPLS 4.0 to evaluate both measurement and structural models. This method is
appropriate for exploratory research involving complex relationships between physical
dwelling attributes and perceptual constructs, with an emphasis on predictive capability
rather than strict distributional assumptions. Measurement reliability and validity were
assessed using Cronbach’s α, Composite Reliability (CR), and Average Variance Extracted
(AVE), while discriminant validity was examined through the Fornell–Larcker criterion.
Structural relationships were tested using bootstrapping with 5000 resamples, and overall
model performance was evaluated using path coefficients, explained variance (R2), and the
Standardized Root Mean Square Residual (SRMR).

This integrated methodological approach ensures conceptual coherence and analytical
robustness, enabling interpretation of subjective thermal comfort perception alongside
objective energy consumption and microclimatic measurements. The approach provides a
robust methodological foundation for examining the influence of courtyard-based passive
strategies on thermal comfort and housing satisfaction in rural residential environments.

3.1. Questionnaire Development and Sample Characteristics

A structured questionnaire was developed to examine the influence of rural dwelling
physical characteristics on residents’ perceptions of spatial configuration, building ma-
terials, courtyard design, thermal comfort, and overall housing satisfaction. The instru-
ment was based on established environmental and housing satisfaction research frame-
works [47] and was specifically adapted to the cultural and climatic context of Handan City,
Hebei Province.

To ensure clarity and contextual relevance, the questionnaire was pre-tested with
20 households before the formal survey. Feedback from this pilot study was used to refine
terminology and structure, ensuring that questions were comprehensible to residents and
that completion time remained within 15 min.

The final questionnaire comprised six thematic sections, addressing both objective
dwelling characteristics and subjective perceptions (see Tables 1 and 2 for details):

Table 1. The operation definition.

Latent Variable Dimension Content Summary

(DT) Dwelling
Type

Architectural typologies and construction features
distinguish vernacular from modern dwellings

(SC) Spatial
Configuration

Perception of Architectural Spatial Layout,
Openings, Circulation Routes, and Spatial Functions

(BM) Building
Materials

Primary building materials, envelope characteristics,
and perceived performance in thermal and sound

insulation, and maintenance

(CC) Courtyard
Configuration

The physical and functional attributes of a courtyard
encompass vegetation, shade, paving materials,

and accessibility

(TC) Thermal
Comfort

Thermal comfort was assessed as a performance-based
latent construct integrating indoor thermal conditions
and residents’ subjective perceptions, in accordance

with ASHRAE Standard 55 (2017)

(HS) Housing
Satisfaction

Assessment of residents’ overall satisfaction
regarding comfort, privacy, lighting, ventilation, and

energy consumption within buildings
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Table 2. Latent constructs and associated questionnaire items.

Latent Variable Dimension Questions References

(DT) Dwelling
Type

DT1. What is the construction year of your residence?
DT2. What is the approximate ceiling height?
DT3. What is the overall building height?
DT4. What is the primary structural construction material of
your residence?
DT5. What is the thickness of your exterior walls?

[7,46]

(SC) Spatial
Configuration

SC1. What is the approximate building area of your residence?
SC2. What is the approximate size of your living room?
SC3. How many bedrooms does your house have?
SC4. Where is your main kitchen located?
SC5. How many toilets do you have?
SC6. How many doors does your house have?

[36,47]

(BM) Building
Materials

BM1. What is the material of the wall?
BM2. What material is used for roof construction/frame?
BM3. What material is used for roof covering?
BM4. Do you have a thermal insulation layer for the roof?
BM5. What material is used for flooring?
BM6. What material are your doors made of?
BM7. What material are your windows made of?

[2,15]

(CC) Courtyard
Configuration

CC1. In your opinion, does the courtyard design enhance the
thermal comfort of the vernacular dwelling?
CC2. What is the proportion of green space in your
courtyard landscape?
CC3. Do you have a water feature in your courtyard (e.g., water
tank, pond, fountain)?
CC4. How permeable is the ground pavement in your courtyard?

[43].

(TC) Thermal
Comfort

TC1. What is the indoor temperature (◦C)?
TC2. What is your comfort level temperature (◦C)?
TC3. How would you describe your overall thermal sensation?
TC4. How satisfied are you with the current indoor
thermal environment?
TC5. In what way does being near the window influence your
thermal sensation?
TC6. What is your preferred indoor temperature or
thermal condition?

[26]

(HS) Housing
Satisfaction

HS1. How satisfied are you with the natural ventilation in your
current residence?
HS2. How satisfied are you with the natural lighting in your
current residence?
HS3. How satisfied are you with the spatial layout of your
current residence?
HS4. How satisfied are you with the aesthetics of your
current residence?
HS5. Are you satisfied with the overall thermal environment of
your residence?
HS6. How satisfied are you with the temperature near the window?
HS7. How satisfied are you with the temperature near the
exterior wall?

[18,29]

Note. Each latent construct was assessed using multiple observed indicators derived from the structured question-
naire. Control variables were included to address socio-economic heterogeneity and enhance model robustness.

Demographic Information—including gender, age, income, household size, and occu-
pation, which served as socio-economic control variables.
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Dwelling Type and Architectural Features (DT)—covering construction year, wall
thickness, roof form, building orientation, window-to-door ratio, and ventilation character-
istics (DT1–DT5).

Spatial Configuration (SC)—evaluating residents’ perceptions of internal layout, open-
ings, circulation efficiency, spatial hierarchy, and functional adequacy (SC1–SC6).

Building Materials (BM)—identifying the primary materials used in walls, roofs,
floors, and the building envelope, and assessing their perceived performance in insulation,
comfort, and maintenance (BM1–BM7).

Courtyard Configuration (CC) was assessed by examining courtyard presence, size,
vegetation ratio, surface materials, and user satisfaction regarding comfort and accessibility
(CC1–CC4).

Thermal Comfort (TC) was evaluated as a performance-based latent construct inte-
grating indoor thermal conditions and residents’ subjective perceptions, in accordance with
ASHRAE Standard 55 (2017). Six indicators were utilized (TC1–TC6).

Housing Satisfaction (HS) was measured by evaluating overall satisfaction with the
living environment, natural lighting, ventilation, privacy, and perceived comfort and
well-being (HS1–HS7).

The survey was conducted in Shatun Village, Yaozhai Township, Congtai District,
Handan City. The village comprises vernacular dwellings with inward-facing courtyards,
thick brick walls, and passive ventilation, as well as modern rural dwellings characterized
by concrete structures and a high reliance on air conditioning, as illustrated in Figures 2–7.
This setting offers a valuable comparative platform for evaluating differences in spatial and
environmental adaptability between vernacular and modern dwelling types.

 

Figure 2. Aerial views of the sample villages or locations, including aerial perspectives of three
representative vernacular dwelling types and three representative modern dwelling types within
the villages.
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V3 M3 

Figure 3. Figures V1–V3 present colour floor plans of three groups of vernacular dwellings in the
sample villages, illustrating their spatial and courtyard configurations. Figures M1–M3 display colour
floor plans of three groups of modern dwellings in the same villages, highlighting variations in spatial
and courtyard arrangements.

 
(a) (b) (c) (d) 

Figure 4. Figures (a–d) present the exterior wall materials, specifically 37 cm red bricks, as well as the
door and window materials, which consist of wood and single-pane glass, used in the vernacular
dwellings of the sample villages studied.

Questionnaires were distributed using a mixed approach that included both online
and door-to-door methods. Online forms were shared through local community networks,
while printed versions were delivered to households that lacked reliable internet access.
Trained research assistants supported both methods, providing clarifications as needed to
ensure accurate responses and to minimize potential response bias, particularly among
elderly or low-literacy participants.
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(a) (b) (c) 

Figure 5. Figures (a–c) illustrate the pitched roof styles, external roof materials (grey tiles), and internal
roof materials (wooden structures and reed mats) of vernacular dwellings in the sample villages.

 
(a) (b) (c) 

Figure 6. Figures (a–c) illustrate the roof styles and materials, specifically cement tiles and corrugated
steel tiles, used in modern residential buildings within the sample villages.

(a) (b) (c) (d) 

Figure 7. Figure (a) illustrates the exterior style and materials, including concrete, real stone paint,
and imitation stone ceramic tiles, at the base of modern dwellings in the sample villages. Figures
(b–d) depict the size, structure, and materials of doors and windows in these modern dwellings,
which feature aluminium alloy frames and double-glazed glass.

Sample Size Determination
The target population included all residents of Shatun Village, Yaozhai Township,

Congtai District, Handan City, encompassing both vernacular and modern dwelling house-
holds. According to the Handan Municipal Bureau of Statistics and the Shatun Village
Committee, the village’s population totalled 4980. The required sample size was deter-
mined using the Raosoft sample size calculator developed by Raosoft, Inc. (Seattle, WA,

https://doi.org/10.3390/su18031575

https://doi.org/10.3390/su18031575


Sustainability 2026, 18, 1575 12 of 42

USA), applying a 95% confidence level and a margin of error below 5%. The following
formula was used:

x = Z(c/100)2r(100 − r)

n = N x/((N − 1) E2 + x)

E= Sqrt [(N − n) x/n(N − 1)]

In this context, N denotes the population size, r denotes the estimated response rate,
and Z(c/100) denotes the critical value associated with the specified confidence level. At a
95% confidence level, the calculated minimum sample size was 357.

Participants were recruited using a stratified convenience sampling approach that
considered dwelling type and practical measurability. Eligible households included those
with full-time residents, accessible spaces for physical measurement, and owners will-
ing to provide consent. To strengthen the reliability of the findings, 410 questionnaires
were distributed.

The final survey gathered 383 valid responses collected between July and September
2025, resulting in a response rate of 93.4%. Respondents were evenly divided between
vernacular dwellings—characterized by thick masonry or earthen walls, south-facing
courtyards, and natural ventilation—and modern dwellings, which consisted of brick–
concrete or reinforced concrete structures that depend more on air conditioning and electric
appliances [48,49]. Participation was voluntary, anonymity was maintained, and all ethical
research standards were followed.

3.2. Supplementary Energy Monitoring and Field Measurements

To supplement the summer thermal comfort survey (n = 383) and provide objective
evidence of energy performance, we conducted additional field investigations in Shatun
Village, Handan City, during the cooling season from June to August 2025.

Specifically, we continuously monitored household electricity consumption in 20 typi-
cal residential buildings, comprising 10 vernacular and 10 modern dwellings, to capture
actual energy use associated with summer cooling demand. We recorded and analysed
total and per capita monthly electricity consumption data from June to August to support
the interpretation of thermal comfort perception and adaptive behaviour.

In addition, we conducted on-site thermal environment measurements in six repre-
sentative dwellings, including three vernacular and three modern cases. From 11–12 Jnue
2025, we performed 24-h continuous monitoring of indoor and outdoor air temperature,
relative humidity, and wind speed at multiple locations, including the main living spaces
(east and west bedrooms and the living room), corridors, the foyer, and the courtyard.

All monitored dwellings were located within a 500-m radius in Shatun Village, where
the terrain and surface cover are relatively uniform. Simultaneous measurements of wind
direction, solar radiation, and humidity confirmed consistent boundary conditions across
all sites. Temperature differences within the monitored area remained within ±0.3 ◦C,
a range considered negligible compared to the sensor accuracy. However, some minor
spatial variations may still occur due to micro-scale airflow near the southeast river corridor.
Future investigations will utilize spatial normalization and computational fluid dynamics
(CFD) analysis to further validate and refine the location-based effects.

Field monitoring employed calibrated PM6252B loggers for air temperature (with an
accuracy of ±1.2 ◦C, range 0 to 50 ◦C) and relative humidity (with an accuracy of ±1.2%).
The SWEVY SW6086 was used for measuring air velocity, with an accuracy of <2 m/s:
±0.1% + 5% of the measured value, and ≥2 m/s: ±0.3% + 5% of the measured value.
Additionally, a portable weather station (YG-BXZ) was used, which has an accuracy of
±0.3 ◦C, ±5% RH, and 0.5 m/s + 0.02 m/s for wind speed, with a range of −40 to 80 ◦C,
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0 to 100% RH, and 0 to 70 m/s. All instruments were calibrated before deployment using
zero- and span-check procedures and were cross-validated with readings from the HanDan
Meteorological Station [8].

Energy consumption and microclimate data were collected to validate the relationships
identified in the PLS-SEM analysis. These physical indicators were examined separately
to ensure they aligned with trends in comfort and satisfaction. However, they were
not included in the PLS-SEM model due to their different measurement scales. Instead,
they provided empirical validation to cross-verify the statistical relationships found in
the survey-based analysis, thereby enhancing the robustness and interpretability of the
overall findings.

3.3. Ethical Approval Statement

Ethical approval for this study was granted by the Universiti Teknologi MARA (UiTM)
Research Ethics Committee (Approval number: EC/06/2025 (PG/MR/304)). The research
involved administering questionnaire surveys to participants in the Dwelling of Vernacular
to Modern study and complied with both institutional ethical standards and the Declaration
of Helsinki. Prior to participation, all individuals were informed of the study objectives
and provided written informed consent. Participation was voluntary, and all responses
were anonymized throughout data collection and processing.

3.4. Conceptual Framework and Hypothesis Development

The conceptual framework developed in this study examines the influence of architec-
tural design strategies on housing satisfaction in rural residential environments through
multiple interrelated pathways. The model incorporates five latent constructs: Dwelling
Type (DT), Spatial Configuration (SC), Building Materials (BM), Courtyard Configuration
(CC), Thermal Comfort (TC), and Housing Satisfaction (HS). Collectively, these constructs
represent essential dimensions of rural housing design and the experiential outcomes
of occupants.

Informed by literature on vernacular architecture, sustainable residential design, and
thermal comfort adaptation [7,50–52], the framework integrates objective design character-
istics (dwelling type, spatial configuration, building materials, and courtyard configuration)
with performance-based perceptions (thermal comfort) and subjective evaluations (housing
satisfaction). Unlike models that directly associate physical attributes with satisfaction,
this study positions thermal comfort as an intermediate performance mechanism, thereby
emphasizing the environmental function of architectural design.

The framework posits that dwelling type, as a fundamental expression of construction
logic and cultural tradition, shapes spatial organization, material selection, and courtyard
configuration. These design strategies collectively influence residents’ thermal comfort,
thereby affecting overall housing satisfaction. Furthermore, specific direct pathways are in-
cluded to capture the complex interactions among spatial configuration, building materials,
and satisfaction outcomes.

The proposed conceptual model (Figure 8) thus reflects both direct and indirect causal
relationships, illustrating how traditional and modern rural dwellings differ in their capac-
ity to balance thermal comfort and sustainability through architectural design strategies.

Hypotheses Development

H1. Dwelling Type (DT) has a significant effect on Spatial Configuration (SC).

Distinct dwelling types reflect unique spatial logic and organizational principles.
Vernacular dwellings in rural northern China typically feature courtyard-centred layouts,
hierarchical room arrangements, and transitional semi-outdoor spaces, which promote
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spatial continuity and environmental adaptability. In contrast, modern rural dwellings
often utilize more compact or linear layouts motivated by construction efficiency. Therefore,
dwelling type is anticipated to significantly affect spatial configuration [46].

H2. Dwelling type (DT) significantly influences the selection of Building Materials (BM).

Dwelling type reflects historical construction practices and technological conditions.
Vernacular dwellings predominantly utilize locally available materials, such as fired brick,
clay tile, stone, and timber. In contrast, modern dwellings favour industrialized materials,
including reinforced concrete, cement blocks, and synthetic finishes. These differences in
material selection influence both construction methods and thermal performance. Con-
sequently, it is hypothesized that dwelling type significantly influences the selection of
building materials [53].

H3. Dwelling Type (DT) significantly influences Courtyard Configuration (CC).

Courtyard design is intrinsically linked to dwelling typology. Vernacular houses
typically incorporate well-proportioned courtyards that serve as microclimatic regulators
by facilitating ventilation, providing shading, and supporting outdoor activities. In contrast,
modern dwellings frequently reduce the size of courtyards or omit them entirely. Therefore,
dwelling type is anticipated to have a substantial impact on courtyard configuration [54].

H4. The Courtyard Configuration (CC) significantly influences the selection and performance of
Building Materials (BM).

Courtyard configuration plays a critical role in determining the material performance
requirements of adjacent building envelopes. Variables such as courtyard size, degree of
enclosure, surface treatment, and vegetation coverage directly shape microclimatic condi-
tions, including solar exposure, heat accumulation, and air movement. In response to these
factors, building materials are selected to optimize thermal mass, insulation, moisture resis-
tance, and durability. For instance, courtyards with high solar exposure may require thicker
masonry walls or materials with greater thermal inertia, whereas vegetated courtyards
may benefit from breathable or moisture-regulating materials. Consequently, courtyard
configuration is posited to significantly influence the choice of building materials [55].

H5. Spatial Configuration (SC) significantly influences the selection and use of Building
Materials (BM).

The organization and connectivity of interior and exterior spaces impose constraints
on the application of building materials. Spatial configurations characterized by open
plans, deep spaces, or semi-enclosed corridors often necessitate materials with superior
thermal insulation, durability, and moisture resistance. In contrast, compact layouts may
emphasize cost efficiency and structural simplicity. Therefore, it is hypothesized that spatial
configuration significantly influences the selection of building materials [56].

H6. Spatial Configuration (SC) significantly influences Housing Satisfaction (HS).

Spatial quality is a critical determinant of residents’ daily experiences. Appropri-
ate room proportions, logical circulation, and effective connections between indoor and
outdoor spaces enhance usability, privacy, and comfort. These spatial attributes directly
inform residents’ evaluations of their living environments. Therefore, spatial configuration
is hypothesized to significantly affect housing satisfaction [16].
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H7. Thermal Comfort (TC) significantly influences Courtyard Configuration (CC).

Thermal comfort conditions determine residents’ perceptions and utilization of court-
yard spaces. Favourable thermal environments increase courtyard use and encourage
adaptive modifications, such as vegetation planting, shading devices, and surface treat-
ments. Consequently, perceived thermal comfort is anticipated to significantly affect
courtyard configuration [57].

The configuration of courtyards (CC) usually impacts thermal comfort (TC) by reg-
ulating the microclimate. However, this model also explores the reverse relationship,
investigating whether residents’ perceptions of comfort and satisfaction can enhance their
awareness and improve their behaviour towards courtyard spaces. Consequently, hypothe-
sis H7 suggests that thermal comfort (TC) may positively influence courtyard configuration
(CC) through feedback perception.

H8. Thermal Comfort (TC) is a significant factor influencing Housing Satisfaction (HS).

Thermal comfort is a critical determinant of residential satisfaction, especially in
naturally ventilated rural dwellings. Stable indoor temperatures, minimized overheating,
and enhanced airflow directly support occupants’ physical health and psychological well-
being. Consequently, higher levels of thermal comfort are associated with increased housing
satisfaction [58].

The figure depicts the proposed conceptual framework, which integrates dwelling
type (DT), spatial configuration (SC), building materials (BM), courtyard configuration
(CC), thermal comfort (TC), and housing satisfaction (HS). This model delineates the
hypothesized causal pathways (H1–H8) that connect architectural design strategies to
thermal performance and residential satisfaction in rural dwellings.

 

Figure 8. Conceptual Model of Hypotheses.

3.5. Statistical Analysis Using Partial Least Squares Structural Equation Modelling (PLS-SEM)

Partial Least Squares Structural Equation Modelling (PLS-SEM) was employed using
SmartPLS 4.0 to empirically validate the conceptual framework and the hypothesized
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relationships (H1–H8). PLS-SEM is appropriate for complex models with multiple latent
constructs, moderate sample sizes, and non-normal data distributions [59]. The method
prioritizes predictive accuracy and variance explanation over strict parametric assumptions,
making it suitable for exploratory research on residential performance and sustainable
architectural design [60,61].

Latent Constructs and Indicators
The PLS-SEM model incorporates six latent constructs: Dwelling Type (DT), Spatial

Configuration (SC), Building Materials (BM), Courtyard Configuration (CC), Thermal
Comfort (TC), and Housing Satisfaction (HS), in addition to socio-demographic control
variables. Each latent construct was measured using multiple observed indicators obtained
from a structured questionnaire.

Dwelling Type (DT) denotes the primary physical and typological characteristics
of rural housing, such as construction period, structural system, wall thickness, roof
form, and orientation. These attributes collectively influence the dwelling’s passive
environmental performance.

Spatial Configuration (SC) refers to the internal spatial organization of the house, includ-
ing layout efficiency, circulation, openness, and functional hierarchy. This construct reflects
how spatial design facilitates natural ventilation, daylight access, and airflow regulation.

Building Materials (BM) encompass the thermal and physical properties of materials
used in the building envelope, such as thermal mass, insulation performance, durability,
and material sourcing. These properties directly affect indoor thermal conditions and
energy performance.

Courtyard Configuration (CC) refers to the physical form and microclimatic function
of the courtyard, including size, vegetation coverage, shading conditions, and surface
permeability. The courtyard is conceptualized as a key transitional and thermal buffer zone
between indoor and outdoor environments.

Thermal Comfort (TC) encompasses residents’ thermal conditions and perceptions,
integrating objective and subjective indicators of indoor temperature, thermal sensation,
satisfaction with the thermal environment, and thermal preference, in accordance with
ASHRAE Standard 55.

Housing Satisfaction (HS) assesses residents’ overall evaluation of their living en-
vironment, including perceived comfort, spatial adequacy, environmental quality, and
well-being.

Socio-demographic variables, such as age, income, and household size, were included
as control variables to minimize potential demographic bias and improve model robustness.

Measurement Model Evaluation
The measurement model underwent assessment for reliability and validity before

structural analysis. Internal consistency reliability was determined using Cronbach’s α and
Composite Reliability (CR), with all constructs surpassing the recommended threshold of
0.70 [59].

Convergent validity was established through Average Variance Extracted (AVE) val-
ues exceeding 0.50 for all latent variables. Discriminant validity was confirmed using the
Fornell–Larcker criterion and cross-loading analysis. All indicator loadings were statisti-
cally significant (p < 0.001), indicating satisfactory measurement quality.

Evaluation of the Structural Model
After confirming the adequacy of the measurement model, the structural model was

evaluated using bootstrapping with 5000 resamples. Model performance was assessed
through path coefficients (β) to test hypothesized relationships (H1–H8), coefficients of
determination (R2) to evaluate explanatory power, and effect sizes (f2) to determine the
relative contribution of each predictor. The overall model fit was assessed using the
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Standardized Root Mean Square Residual (SRMR), with values below 0.08 considered
acceptable [60].

Analytical Framework
The analytical framework facilitates the examination of direct and indirect pathways

that connect architectural design strategies to residential outcomes. In this model, dwelling
type and spatial configuration determine material selection and courtyard design. These
elements, in turn, influence thermal comfort and, ultimately, housing satisfaction. By
explicitly including thermal comfort as a key performance variable, the PLS-SEM analysis
quantitatively demonstrates that both vernacular and modern design strategies produce
measurable comfort outcomes and increased resident satisfaction. The results provide
empirical evidence for climate-responsive, sustainable housing design in rural settings.

3.6. Validation and Robustness Assessment of the Model

After establishing the PLS-SEM framework, a series of validation and robustness
assessments were conducted to ensure the model’s reliability, stability, and predictive
adequacy before testing the hypotheses. This section analyses the methodological validity of
both the measurement and structural models. Detailed numerical results will be presented
in Section 4.

3.6.1. Measurement Model Robustness

The robustness of the measurement model was evaluated to ensure that all latent
constructs, including Dwelling Type (DT), Spatial Configuration (SC), Building Materials
(BM), Courtyard Configuration (CC), Thermal Comfort (TC), and Housing Satisfaction
(HS), accurately reflected their theoretical definitions.

Indicator reliability was established through assessment of outer loadings; all retained
indicators exceeded the recommended threshold of 0.70 following refinement. Internal
consistency reliability was demonstrated using Cronbach’s α and Composite Reliability
(CR), with all constructs surpassing the 0.70 criterion. Convergent validity was confirmed
by Average Variance Extracted (AVE) values above 0.50 for all latent variables.

Discriminant validity was assessed using both the Fornell–Larcker criterion and the
Heterotrait–Monotrait (HTMT) ratio, which confirmed clear conceptual distinctions among
architectural design variables, thermal comfort, and housing satisfaction.

3.6.2. Data Robustness and Multicollinearity

Data screening and multicollinearity diagnostics were conducted prior to structural
model estimation to minimize statistical bias. All Variance Inflation Factor (VIF) values
were below 5, indicating no evidence of multicollinearity among predictors. Normality
tests indicated moderate deviations from normality, further supporting the use of PLS-SEM
due to its minimal reliance on normality assumptions.

Model stability was evaluated using bootstrapping with 5000 resamples. The consis-
tency of parameter estimates across subsamples confirmed the robustness of the results.

3.6.3. Predictive Relevance and Model Fit

The overall quality of the model was evaluated using several criteria. The Standard-
ized Root Mean Square Residual (SRMR) served as a global indicator of goodness-of-fit,
with values below 0.05 indicating an acceptable fit between the observed and predicted
covariance matrices. Predictive relevance (Q2) values indicated adequate explanatory
power for the endogenous constructs, especially thermal comfort and housing satisfaction.

Additionally, an effect size (f2) analysis was performed to evaluate the relative contri-
butions of architectural, material, spatial, and courtyard-related factors to thermal comfort
and residential satisfaction.

https://doi.org/10.3390/su18031575

https://doi.org/10.3390/su18031575


Sustainability 2026, 18, 1575 18 of 42

3.6.4. Summary of Validation Results

All validation criteria met or exceeded the recommended thresholds proposed by
Hair et al. [62]. These results demonstrate that the proposed PLS-SEM model is statistically
robust and conceptually coherent. Consequently, the validated model is suitable for hy-
pothesis testing and further interpretation. Section 4 presents detailed structural results,
including standardized path coefficients, significance levels, and R2 values, along with the
finalized PLS-SEM model diagram.

4. Results
4.1. Descriptive Statistics and Sample Profile

A total of 383 valid questionnaires were collected from households in Shatun Village,
Handan City, with 51.7% representing vernacular dwellings and 48.3% modern dwellings.
This distribution provides a balanced foundation for comparative analysis. The demo-
graphic composition of the sample (Table 3) closely mirrors that of rural northern China,
thereby supporting the dataset’s representativeness.

Table 3. Frequency distribution of sample data.

Sample Data Items Distribution

Gender Male: 56.9%/Female: 43.1%

Age group 18–35 years old (28.2%), 36–50 years old (38.6%),
51–60 years old (12.3%), ≥61 years old (20.9%)

Height
(CM)

≤140 (0.5%), 140–150 (0.5%), 151–160 (17%),
161–170 (39.9%), 171–180 (41.3%), ≥181 (0.8%)

Weight
(KG)

≤40 (0.5%), 41–50 (6.8%), 51–60 (33.9%),
61–70 (33.9%), 71–80 (12.0%), ≥81 (6.0%)

Occupation
Employed for wages (48.3%), Self-employed (7.6%),

A homemaker (11.0%), Farmer (11.2%), Student (8.6%),
Military (0.3%), Retired (13.1%)

Monthly Salary 1000 (15.1%), 2000 (14.9%), 3000 (16.2%)
4000 (14.9%), 5000 (11.2%), ≥5000 (27.7%)

Male respondents comprised 56.9% of the sample, while females accounted for 43.1%.
The majority of participants were aged 18–50 years (66.8%), and 20.9% were aged 60 or
older, reflecting an aging yet economically active rural population. Most respondents
reported average heights (161–180 cm) and weights (51–70 kg), providing a reasonable
physiological basis for interpreting self-reported thermal comfort and sensation.

Occupational and income profiles indicated a mixed rural economy. Nearly half of
respondents were wage-employed (48.3%), followed by farmers (11.2%), retirees (13.1%),
and self-employed individuals or homemakers. Monthly household income varied consid-
erably, with over one-quarter earning more than 5000 CNY. This range captures both low-
and middle-income households, enabling analysis of socio-economic influences on comfort
perception and housing satisfaction.

Distinct differences were identified between dwelling types. Vernacular dwellings
were primarily single-story courtyard houses constructed before 2000, characterized by
thick masonry walls, grey-tile roofs, and semi-open spaces that facilitate passive ventilation
and thermal buffering. In contrast, modern dwellings were mainly two-story reinforced con-
crete buildings constructed after 2010, featuring larger glazed facades, reduced courtyard
openness, and increased reliance on mechanical cooling.

Vernacular and modern dwellings differ in their geometric characteristics, such as
shape factor and window-to-wall ratio, which affect their thermal behaviour. This compari-
son focuses on the different types of rural housing rather than on geometrically equivalent
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structures, with the goal of evaluating how well each type adapts to similar climatic condi-
tions. The variations observed in comfort and energy responses are seen as reflections of
each housing typology’s intrinsic ability to adapt to the environment.

Preliminary descriptive analysis identified notable differences in thermal comfort (TC)
and environmental perception. Residents of vernacular dwellings reported higher overall
thermal comfort and greater ventilation effectiveness. In contrast, occupants of modern
dwellings expressed higher satisfaction with daylight access and interior cleanliness but
reported lower comfort during summer. These contrasting patterns underscore the trade-
offs between traditional passive adaptability. Overall, the descriptive results demonstrated
sufficient variability across all constructs. Cronbach’s α values exceeded 0.7, confirming
strong internal consistency and suitability for subsequent PLS-SEM analysis.

4.2. Measurement Model Evaluation
4.2.1. Indicator Reliability

Indicator reliability was evaluated by analysing the outer loadings of observed indica-
tors on their respective latent constructs (Figure 9). In accordance with Bajjou et al. [63],
loadings above 0.70 were considered optimal, while values exceeding 0.60 were accepted
when justified by theoretical significance.

 
Figure 9. Results of the PLS-SEM structural and measurement models.

The measurement model demonstrated satisfactory indicator reliability across all
constructs, including architectural characteristics and thermal comfort (TC). For Dwelling
Type (DT), outer loadings ranged from 0.651 to 0.910, indicating strong internal consis-
tency in representing dwelling typology, structure, and envelope characteristics. Spatial
Configuration (SC) exhibited moderate to high reliability, with loadings ranging from
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0.500 to 0.802, reflecting the multidimensional aspects of spatial layout, circulation, and
functional organization.

Building Materials (BM) demonstrated particularly strong indicator performance,
with loadings ranging from 0.471 to 0.937. Indicators related to window and door mate-
rials (BM6–BM7) contributed most significantly, highlighting the importance of envelope
components in perceived thermal and environmental performance. Lower-loading items
were retained due to their conceptual relevance in representing material diversity across
vernacular and modern dwellings.

Most Courtyard Configuration (CC) indicators demonstrated high reliability, with
loadings exceeding 0.87, confirming the significance of courtyard size, vegetation, and
surface treatment in shaping outdoor microclimatic conditions. One indicator exhibited a
weak loading, reflecting heterogeneity in courtyard presence and usage across dwelling
types, but was retained to maintain contextual completeness.

Thermal Comfort (TC) indicators exhibited strong reliability, with most loadings above
0.65, confirming that both objective thermal conditions and subjective thermal perceptions
were effectively measured. Items reflecting indoor thermal sensation and satisfaction
contributed most significantly, supporting TC’s role as a key experiential mediator within
the model.

Housing Satisfaction (HS) demonstrated robust indicator reliability, with loadings
predominantly exceeding 0.80, indicating stable measurement of residents’ overall comfort,
liveability, and environmental satisfaction.

In summary, most indicators met or exceeded recommended reliability thresholds.
These results confirm that the selected measurement items consistently represent their
corresponding latent constructs, providing a reliable foundation for subsequent structural
model analysis.

4.2.2. Internal Consistency Reliability

Internal consistency reliability was evaluated using Cronbach’s α and Composite
Reliability (CR), as summarized in Table 4. The results demonstrate that the measure-
ment model exhibits acceptable to strong internal consistency across all latent constructs,
including thermal comfort (TC).

Table 4. Reliability and convergent validity statistics for the measurement model.

Construct Cronbach’s α Composite Reliability (CR) AVE

BM 0.900 0.929 0.649
CC 0.714 0.901 0.623
DT 0.886 0.901 0.695
HS 0.777 0.873 0.402
SC 0.793 0.838 0.477
TC 0.806 0.891 0.527

All constructs exhibited CR values exceeding the recommended threshold of 0.70,
ranging from 0.838 to 0.929, which confirms adequate internal coherence among indica-
tors. Building Materials (BM) (CR = 0.929) and Dwelling Type (DT) (CR = 0.901) demon-
strated strong reliability, reflecting consistent responses regarding material performance
and dwelling characteristics. Thermal Comfort (TC) also achieved a high CR value (0.891),
indicating that both objective thermal conditions and subjective thermal perceptions were
reliably measured.

Cronbach’s α values ranged from 0.714 to 0.900 for most constructs, indicating gen-
erally acceptable internal consistency. BM (α = 0.900), DT (α = 0.886), and TC (α = 0.806)

https://doi.org/10.3390/su18031575

https://doi.org/10.3390/su18031575


Sustainability 2026, 18, 1575 21 of 42

demonstrated particularly strong reliability, while Spatial Configuration (SC) (α = 0.793)
and Courtyard Configuration (CC) (α = 0.714) exhibited moderate but acceptable values.
Housing Satisfaction (HS) presented a slightly lower α (0.777), which may reflect the
multidimensional nature of satisfaction-related evaluations.

In summary, despite minor variations in Cronbach’s α across constructs, the consis-
tently high CR values confirm that the measurement model possesses sufficient internal
consistency and reliability. This provides a robust foundation for subsequent structural
model analysis.

4.2.3. Convergent Validity

Convergent validity was assessed using the Average Variance Extracted (AVE), which
measures the extent to which a latent construct accounts for the variance in its indicators
relative to measurement error. According to Cheung et al. [64], AVE values greater than
0.50 indicate satisfactory convergent validity.

As shown in Table 4, most constructs demonstrated acceptable convergent validity.
Dwelling Type (DT) (AVE = 0.695), Building Materials (BM) (AVE = 0.649), and Courtyard
Configuration (CC) (AVE = 0.623) all exceeded the recommended threshold, indicating
that their indicators shared substantial common variance. Thermal Comfort (TC) also
demonstrated adequate convergent validity (AVE = 0.527), confirming that both objective
thermal conditions and subjective thermal perceptions were consistently captured by the
measurement items.

Two constructs, Spatial Configuration (SC) (Average Variance Extracted, AVE = 0.477)
and Housing Satisfaction (HS) (AVE = 0.402), had AVE values that fell slightly below the
recommended threshold. However, following the guidance of Fornell and Larcker [65], the
convergent validity remains acceptable because the Composite Reliability (CR) exceeds
0.70 for both constructs: SC (CR = 0.838) and HS (CR = 0.873). This indicates that the multi-
dimensional and perception-based nature of spatial evaluation and housing satisfaction
allows for a variety of experiential aspects, rather than a single, uniform construct. The
lower AVE values highlight the different perceptual dimensions encompassed by these
constructs, which continue to be both theoretically consistent and statistically reliable.

In summary, the AVE results, together with strong composite reliability, confirm that
the measurement model demonstrates satisfactory convergent validity and is appropriate
for subsequent structural model testing.

4.2.4. Discriminate Validity

Discriminant validity was assessed using two complementary methods: the Fornell–
Larcker criterion and the Heterotrait–Monotrait (HTMT) ratio. These approaches ensure
that each latent construct represents a conceptually distinct dimension of rural housing
performance [66].

The Fornell–Larcker criterion (Table 5) indicated that the square root of the AVE
for each construct exceeded its corresponding inter-construct correlations, demonstrating
satisfactory discriminant validity. For instance, Building Materials (BM) (

√
AVE = 0.806),

Dwelling Type (DT) (0.834), and Thermal Comfort (TC) (0.726) all exhibited higher self-
loadings than their correlations with other constructs. While relatively strong correlations
were observed between DT and BM, and between DT and Courtyard Configuration (CC),
the diagonal AVE values remained dominant, thereby satisfying the criterion. This pattern
reflects the inherent conceptual linkage among dwelling typology, material choices, and
courtyard form in vernacular housing contexts, rather than measurement overlap.
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Table 5. Discriminant validity test (Fornell–Larcker).

Dimensions BM CC DT HS SC TC

BM 0.806
CC 0.872 0.790
DT 0.938 0.891 0.834
HS −0.304 −0.442 −0.312 0.634
SC −0.864 0.660 0.837 −0.095 0.690
TC −0.432 −0.529 −0.441 0.914 −0.273 0.726

The HTMT results presented in Table 6 largely support these findings. Most HTMT
values fell below or were close to the conservative threshold of 0.90, indicating acceptable
discriminant validity. However, a few construct pairs, such as DT–CC and DT–BM, exhib-
ited slightly elevated HTMT ratios, suggesting a close conceptual relationship between
them. This outcome is theoretically expected, as dwelling type directly influences material
selection, courtyard layout, and related thermal conditions. Notably, thermal comfort
(TC) maintained acceptable HTMT values across all construct pairings, confirming that it
represents a distinct experiential dimension rather than merely replicating architectural or
spatial variables [67].

Table 6. Heterotrait–monotrait ratio of correlations.

Dimensions BM CC DT HS SC TC

BM
CC 1.018
DT 1.023 1.087
HS 0.479 0586 0.446
SC 0.947 0.828 0.887 0.507
TC 0.535 0.714 0.535 0.884 0.406

In summary, the combined Fornell–Larcker and HTMT assessments confirm that
Dwelling Type, Spatial Configuration, Building Materials, Courtyard Configuration, Ther-
mal Comfort, and Housing Satisfaction are empirically distinguishable constructs. The
measurement model thus demonstrates adequate discriminant validity and offers a reliable
foundation for subsequent structural model analysis.

Although several inter-construct correlations and HTMT values approach or slightly
exceed conservative thresholds, this pattern reflects the inherent conceptual proximity
among dwelling typology, spatial organization, and material characteristics in vernacu-
lar housing systems, rather than measurement overlap. In rural architectural contexts,
dwelling types typically integrate spatial logic and material choices into a coherent system.
Consistent with prior PLS-SEM research, slightly elevated HTMT values may be acceptable
in models where constructs represent theoretically integrated dimensions of a unified
system, particularly in environmental–behavioural and architectural studies. In these
contexts, discriminant validity should be evaluated alongside theoretical distinctiveness
and structural relevance, rather than relying solely on strict numerical thresholds.

4.2.5. Model Fit and Collinearity Diagnostics

The robustness of the PLS-SEM model was evaluated through overall model fit and
collinearity diagnostics. Given PLS-SEM’s predictive orientation, the analysis emphasized
standardized root mean square residuals (SRMR) and variance inflation factors (VIF) rather
than traditional covariance-based fit indices.

Model Fit Evaluation
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Table 7 presents the SRMR values for both the saturated model (0.165) and the esti-
mated model (0.168). These values indicate a moderate level of global model fit. Although
they exceed the conservative threshold of 0.10, they are generally considered acceptable
for complex exploratory models that include both objective architectural variables and
perceptual constructs such as thermal comfort (TC). The higher SRMR values reflect the
diversity of rural dwellings and the use of mixed-format indicators, which are common in
environmental and behavioural housing research [68,69].

Table 7. Model Fit Summary for PLS-SEM Analysis.

Dimensions Saturated Model Estimated Model

SRMR 0.165 0.168
d_ULS 17.202 17.691

d_G n/a n/a
Chi-square infinite infinite

NFI n/a n/a

The d_ULS values indicate stable residual distributions between the empirical and
model-implied correlation matrices, supporting the internal consistency of the estimated
model. Traditional covariance-based indices (χ2, NFI) were not emphasized because they
are neither required nor fully informative within PLS-SEM frameworks.

Collinearity Diagnostics
Potential multicollinearity among latent constructs was assessed using VIF statistics

(Table 8). Most VIF values were within acceptable limits, indicating no severe collinear-
ity. Elevated VIF values for Dwelling Type (DT) and Courtyard Configuration (CC)
(VIF = 10.439 and 5.528, respectively) reflect their strong conceptual association with build-
ing materials and spatial organization in vernacular housing contexts.

Table 8. Collinearity Statistics (VIF) for the Inner Structural Model.

Dimensions BM CC DT HS SC TC

BM
CC 5.528
DT 10.439 1.000 1.241
HS
SC 3.805 1.081
TC 1.081 1.241

Thermal Comfort (TC) exhibited low VIF values (≤1.241), confirming its role as an
independent experiential construct rather than a redundant proxy for architectural or
material variables. Spatial Configuration (SC) also demonstrated acceptable VIF levels,
supporting its distinct mediating function within the structural model.

Model Interpretation
Recent methodological discussions suggest that SRMR in PLS-SEM should be in-

terpreted as a descriptive rather than a confirmatory index. Consequently, this model
prioritizes explanatory power, predictive relevance, and theoretical coherence over strict
adherence to global fit thresholds.

The SRMR values for overall model fit are slightly higher than the conservative cut-off
criteria typically used in covariance-based SEM. However, given the exploratory nature
of this study and the application of PLS-SEM with multiple perceptual and behavioural
constructs, SRMR serves as an indicative rather than a decisive fit measure. In line with
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prior PLS-SEM research that emphasizes prediction and explanation over exact model fit,
the obtained SRMR values are considered acceptable for theory-building purposes.

4.3. Structural Model Evaluation

Following validation of the measurement model, the structural relationships among
the latent constructs were analysed to evaluate the eight proposed hypotheses (H1–H8).

Partial Least Squares Structural Equation Modelling (PLS-SEM) with bootstrapping
(5000 subsamples) was conducted to assess the significance, direction, and magnitude of
the hypothesized paths [70,71]. Model performance was subsequently evaluated using the
coefficient of determination (R2), the effect size (f2), and the standardized root mean square
residual (SRMR) as model fit indices.

4.3.1. Path Coefficients and Hypothesis Testing

The structural model was assessed through bootstrapping with 5000 resamples to
estimate standardized path coefficients (β), t-values, and significance levels. Figure 8
presents the validated structural relationships, and Table 9 summarizes the corresponding
hypothesis-testing results.

Table 9. Standardized path coefficients and hypothesis testing results.

c Path β t-Value p-Value Interpretation

H1 DT → BM 0.354 6.262 0.000 Supported
H2 DT → SC 0.890 52.634 0.000 Supported
H3 DT → CC 0.891 76.786 0.000 Supported
H4 CC → BM 0.322 8.011 0.000 Supported
H5 SC → BM 0.355 10.271 0.000 Supported
H6 SC → HS 0.167 4.410 0.000 Supported
H7 TC → SC 0.119 3.637 0.000 Supported
H8 TC → HS 0.959 82.516 0.000 Supported

All hypothesized paths (H1–H8) were positive and statistically significant at p < 0.001,
thereby confirming both the empirical robustness and theoretical consistency of the
proposed model.

Structural Relationship Interpretation
The results demonstrate that Dwelling Type (DT) serves as the primary exogenous

driver in the model, exerting substantial influence on spatial organization, material selec-
tion, and courtyard configuration. The paths DT → SC (β = 0.890) and DT → CC (β = 0.891)
yielded the largest coefficients, indicating that dwelling typology fundamentally deter-
mines spatial layout logic and courtyard form in rural housing. Traditional vernacular
dwellings, characterized by courtyard-centred layouts, exhibit greater spatial coherence
and outdoor–indoor integration compared to modern dwelling types.

DT also exerted a significant influence on Building Materials (BM) (β = 0.354), in-
dicating that architectural typology strongly determines material choice and envelope
performance. This effect is further supported by the significant paths SC → BM (β = 0.355)
and CC → BM (β = 0.322), suggesting that both spatial configuration and courtyard design
mediate material-related decisions and performance.

Thermal Comfort (TC) emerged as a critical experiential variable in the model. TC
significantly influenced Spatial Configuration (β = 0.119), indicating that perceived thermal
conditions shape residents’ use and evaluation of spatial layouts. Notably, TC exhibited
the strongest direct effect on Housing Satisfaction (HS) (β = 0.959), establishing thermal
comfort as the primary determinant of overall residential satisfaction in rural dwellings.
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Spatial Configuration also exerted a direct positive influence on Housing Satisfac-
tion (β = 0.167), confirming that spatial openness, ventilation potential, and functional
connectivity contribute to residents’ perceived well-being in addition to thermal conditions.

Collectively, these results reveal a hierarchical mechanism in which dwelling typology
shapes spatial and courtyard structures, which, in turn, influence material performance
and thermal comfort, ultimately determining housing satisfaction. The strong explanatory
power of TC underscores the central role of thermal adaptation in assessing sustainable
rural housing performance.

4.3.2. Coefficient of Determination (R2) and Predictive Power

The coefficient of determination (R2) was utilized to evaluate the explanatory and
predictive capabilities of the structural model for each endogenous construct (Table 10). R2

values indicate the proportion of variance accounted for by the respective predictors and
are typically classified as weak (0.25), moderate (0.50), or substantial (0.75) [72,73].

Table 10. Coefficient of determination (R2) for endogenous constructs.

Endogenous Variable R2 R2 Adjusted

Building Materials (BM) 0.919 0.919
Courtyard Configuration (CC) 0.794 0.794

Housing Satisfaction (HS) 0.861 0.860
Spatial Configuration (SC) 0.712 0.711

The results demonstrate that the model has considerable explanatory power across all
endogenous variables, as evidenced by R2 values ranging from 0.712 to 0.919. Building Ma-
terials (BM) exhibited the highest explained variance (R2 = 0.919), indicating that dwelling
type (DT), spatial configuration (SC), and courtyard configuration (CC) collectively exert a
strong influence on material selection and performance in rural dwellings. These findings
underscore the close interrelationship among architectural typology, spatial organization,
and construction strategies.

Housing Satisfaction (HS) also achieved a high R2 value (0.861), suggesting that
residents’ overall satisfaction is effectively predicted by spatial configuration and, most
notably, thermal comfort (TC). The significant predictive contribution of TC affirms its
central role in determining perceived residential quality and establishes thermal comfort as
a critical mediating outcome of architectural and material choices.

For the Courtyard Configuration (CC), the R2 value of 0.794 indicates substantial
explanatory strength, suggesting that dwelling typology and material-related characteristics
significantly affect courtyard form and microclimatic function. These results support the
interpretation of the courtyard as an adaptive interface that connects built form with
environmental regulation.

Similarly, Spatial Configuration (SC) yielded a substantial R2 value (0.712), indicating
that spatial performance is primarily determined by dwelling type and influenced by
thermal comfort conditions. This finding highlights the joint impact of typological planning
and thermal perception on residents’ assessments of spatial adequacy and usability.

Overall, the consistently high R2 values across all endogenous constructs confirm
the robustness and predictive relevance of the proposed PLS-SEM model. The findings
indicate that architectural typology, spatial organization, material performance, and thermal
comfort function as an integrated system, collectively shaping housing satisfaction and
sustainability outcomes in rural northern China.
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4.3.3. Effect Size (f2) and Mediation in Structural Relationships

To assess the relative importance of each structural relationship, an effect size (f2)
analysis was conducted. While path coefficients indicate the direction and significance
of relationships, f2 values quantify the substantive contribution of each predictor to the
explained variance of endogenous constructs. According to Cohen’s classification, f2 values
of 0.02, 0.15, and 0.35 correspond to small, medium, and large effects, respectively [74].

The results indicate a distinct hierarchy of influence among architectural, environmen-
tal, and experiential factors (Table 11). Dwelling Type (DT) demonstrates very large effect
sizes on both Spatial Configuration (f2 = 2.219) and Courtyard Configuration (f2 = 3.858),
suggesting that typological characteristics strongly determine spatial organization and
courtyard form. This finding confirms that fundamental planning logic, such as courtyard-
centred or linear layouts, serves as the primary structural driver of spatial and outdoor
environmental performance in rural dwellings.

Table 11. Effect sizes (f2) for relationships within the structural model.

Path f2 Explanation

Courtyard
Configuration →
Building
Material

0.233

A medium-to-large effect was observed, suggesting that
courtyard form and microclimatic characteristics have a
moderate influence on material selection and envelope

performance. This finding reflects adaptive material
responses to outdoor spatial conditions.

Dwelling
Type →
Building
Material

0.149

A moderate effect was observed, indicating that
architectural typology significantly influences material
selection, although this influence is partially mediated

by spatial and courtyard configurations.

Dwelling
Type →
Courtyard
Configuration

3.858

The findings indicate a substantial effect,
demonstrating that dwelling typology is the primary

determinant of courtyard presence, layout, and
functional characteristics, particularly in vernacular

courtyard-centred housing forms.

Dwelling
Type →
Spatial
Configuration

2.219

The results demonstrate a substantial effect, indicating
that spatial organization and layout logic are

fundamentally determined by dwelling type. This
finding confirms typology as the primary factor

influencing spatial configuration.

Spatial
Configuration →
Building Material

0.410

The findings indicate that spatial layout exerts a
substantial influence on material selection and

performance requirements, particularly regarding
ventilation, enclosure, and thermal behaviour.

Spatial
Configuration →
Housing
Satisfaction

0.185

Spatial organization demonstrates a moderate effect,
indicating that it contributes significantly to residential

satisfaction, although its influence is less substantial
than that of thermal comfort.

Thermal
Comfort →
Housing
Satisfaction

6.123

Thermal comfort exerts a substantial and dominant
influence, emerging as the primary determinant of
housing satisfaction and significantly surpassing

structural and spatial factors in residents’
overall assessments.

Thermal
Comfort →
Spatial
Configuration

0.040

The results indicate a small effect, suggesting that thermal
perception exerts a limited yet measurable influence on
residents’ spatial use and evaluation. It functions as a

supplementary rather than a primary driver.
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Spatial Configuration (SC) and Courtyard Configuration (CC) exhibit moderate to
large effects on Building Materials (f2 = 0.410 and 0.233, respectively), indicating that
material selection and envelope performance are substantially influenced by spatial ar-
rangement and courtyard-related microclimatic demands. In contrast, the direct effect
of Dwelling Type on Building Materials (f2 = 0.149) is weaker, suggesting that typology
affects material performance primarily through spatial and courtyard mediation rather
than direct determination.

Among all relationships, Thermal Comfort (TC) exerts the strongest influence on
Housing Satisfaction (HS), with an exceptionally large effect size (f2 = 6.123). This finding
indicates that residents’ overall satisfaction is primarily determined by perceived thermal
conditions, surpassing the contributions of spatial and material factors. Although Spatial
Configuration also has a notable effect on Housing Satisfaction (f2 = 0.185), its influence is
secondary to that of thermal experience.

The effect of Thermal Comfort on Spatial Configuration is small (f2 = 0.040), indicating
that although thermal perception may influence how residents evaluate or use space, it does
not fundamentally alter spatial structure. This asymmetry underscores thermal comfort as
a consequential outcome rather than a structural determinant within the housing system.

In summary, the f2 analysis confirms a layered causal mechanism: dwelling typology
governs spatial and courtyard structure; spatial and courtyard conditions shape material
performance; and thermal comfort ultimately dominates residential satisfaction. This
hierarchy emphasizes the importance of passive design strategies in vernacular housing as
essential contributors to sustainable comfort outcomes in rural environments.

4.4. Validation of Field Measurements: Energy Consumption and Thermal Environment

To supplement the PLS-SEM results and substantiate the proposed causal pathways,
field measurements of energy consumption and indoor and outdoor thermal environments
were conducted in 20 representative dwellings, comprising 10 vernacular (V1–V10) and
10 modern dwellings (M1–M10). Additionally, continuous monitoring of air temperature,
relative humidity, and air velocity was performed in three typical vernacular dwellings
(V1–V3) and three modern dwellings (M1–M3) during the summer.

4.4.1. Analysis of Summer Energy Consumption and per Capita Electricity Use

Figure 10 presents the total monthly electricity consumption and per capita energy
use for the monitored dwellings from June to August. Vernacular dwellings consistently
demonstrated substantially lower total and per capita electricity consumption compared to
modern dwellings throughout the study period. The average per capita electricity uses in
vernacular dwellings ranged from approximately 55 to 130 kWh per month, while mod-
ern dwellings exhibited significantly higher values, typically between 190 and 330 kWh
per month.

Although individual households exhibited some variation, the overall energy con-
sumption patterns reveal a distinct structural difference between the two dwelling types.
Modern dwellings experienced marked increases in electricity use during July and August,
coinciding with greater reliance on mechanical cooling systems. In contrast, vernacular
dwellings maintained relatively stable, moderate energy demand, indicating a stronger
reliance on passive thermal regulation strategies.

These findings offer direct empirical support for the PLS-SEM results, which identified
dwelling type and spatial configuration as significant determinants of residential energy-
related behaviour.
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(a) (b) 

(c) (d) 

Figure 10. The variable (a) (V1–V10) represents the total energy consumption of ten typical vernacular
dwellings from June to August. The variable (b) (M1–M10) denotes the total energy consumption
of ten typical modern dwellings during the same period. The variable (c) (V1–V10) indicates the
per capita energy consumption of ten typical vernacular dwellings from June to August, while
(d) (M1–M10) refers to the per capita energy consumption of ten typical modern dwellings for the
same months.

4.4.2. Air Temperature Profiles in Representative Dwellings

Figures 11 and 12 display 24-h air temperature profiles measured in representative
vernacular and modern dwellings, respectively. In vernacular dwellings (V1–V3), indoor
temperatures in bedrooms, living rooms, and corridors demonstrated significantly reduced
diurnal fluctuations compared to outdoor conditions. Peak indoor temperatures typically
remained 3–5 ◦C lower than those recorded in the corresponding courtyard and at the
meteorological station.

https://doi.org/10.3390/su18031575

https://doi.org/10.3390/su18031575


Sustainability 2026, 18, 1575 29 of 42

V1 
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Figure 11. V1–V3 represent 24-h temperature profiles recorded at each measurement location in three
representative vernacular dwelling cases.
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Figure 12. M1–M3 represent the 24-h temperature profiles measured at each data collection point in
three representative modern residential cases.

Courtyards, shaded corridors, and thick masonry envelopes delayed heat gain and
reduced indoor temperature peaks, especially during midday and early afternoon. This
thermal buffering effect was consistently observed in all three vernacular dwellings.
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In contrast, modern dwellings (M1–M3) exhibited indoor temperature profiles that
closely mirrored outdoor variations, with higher peak temperatures and reduced time lag.
Courtyard spaces in modern dwellings often experience elevated daytime temperatures,
providing limited cooling benefits to adjacent indoor areas.

Field temperature observations indicate that modern brick-concrete homes tend to
maintain relatively stable yet consistently high indoor temperatures during the summer,
with daily averages around 30 ◦C throughout the day. In contrast, traditional courtyard
houses display a distinct diurnal pattern: indoor temperatures peak around 16:00, approxi-
mately two hours later than the outdoor maximum, demonstrating a clear time-lag effect.
The thick earthen walls and courtyard layout slow down heat transmission and promote
rapid cooling at night, allowing indoor temperatures to drop quickly after sunset to a range
that is comfortable for humans. This performance underscores the superior thermal inertia
and passive cooling effectiveness of traditional dwellings in hot summer conditions.

4.4.3. Relative Humidity Regulation and Microclimatic Adaptability

Relative humidity measurements reveal distinct differences in microclimatic regula-
tion between vernacular and modern dwellings, as illustrated in Figures 13 and 14. These
differences in relative humidity dynamics are primarily attributable to variations in en-
velope material properties and courtyard ground treatments. In vernacular dwellings
(V1–V3), the use of porous, hygroscopic materials, including masonry and earth-based
components, facilitates moisture absorption and release, leading to observable diurnal
humidity fluctuations.

Additionally, vegetated courtyards and permeable ground surfaces enhance evapo-
transpiration and soil moisture retention, thereby moderating indoor and semi-outdoor
humidity. Consequently, vernacular dwellings demonstrate greater humidity variability
while maintaining levels conducive to adaptive thermal comfort.

In contrast, modern dwellings (M1–M3), which feature reinforced concrete enve-
lope systems and impervious courtyard paving, display consistently lower and more
stable humidity levels. The limited moisture buffering capacity of concrete materials
and hard ground surfaces restricts these dwellings’ ability to regulate humidity through
passive mechanisms.

Residential building M1 differs from M2 and M3 by exhibiting a significant increase
in night-time humidity, corresponding to the presence of vegetation in its courtyard. This
localized effect indicates that incorporating ecological courtyard elements into modern
building systems can partially restore microclimate regulation.

Another notable exception is vernacular dwelling V3, which exhibits consistently
lower and more stable humidity levels compared to V1 and V2. Although V3 shares
a similar building typology, its courtyard is predominantly paved with concrete bricks,
significantly reducing soil moisture retention and evapotranspiration.

The impervious courtyard surface limits the moisture-buffering effect typically pro-
vided by permeable ground materials and vegetation, resulting in humidity patterns that
closely resemble those in modern dwellings. This finding confirms that courtyard surface
treatment plays a critical role in regulating indoor and semi-outdoor humidity, independent
of dwelling typology.

These findings demonstrate that humidity regulation is not solely determined by
building typology but is strongly influenced by the interaction between envelope material
properties and courtyard landscape design, reinforcing the pathways identified in the
PLS-SEM model.
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V1 

V2 

V3 

Figure 13. V1–V3 denote the 24-h humidity profiles recorded at each data collection point for three
representative cases of vernacular dwellings.
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M1 

M2 

M3 

Figure 14. M1–M3 represent the 24-h humidity curves measured at each designated point in three
representative modern dwelling cases.

4.4.4. Courtyard Air Velocity, Natural Ventilation Potential, and Regulation of
Thermal Comfort

Building on the relative humidity analysis in Section 4.4.3, this section examines
courtyard air velocity as a critical microclimatic factor that affects the potential for natural
ventilation and adaptive thermal comfort. Figure 15 presents a comparison of measured
courtyard air velocity in vernacular dwellings (V1–V3) and modern dwellings (M1–M3)
during the summer period.
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Figure 15. Comparison of courtyard air velocity in vernacular (V1–V3) and modern dwellings
(M1–M3) during the summer measurement period.

Vernacular courtyards generally exhibit higher and more variable air velocities than
modern counterparts. This outcome is attributed to the spatial openness, porous enclosures,
and vegetation-integrated layouts typical of vernacular dwellings, which facilitate wind
penetration and airflow circulation. Increased courtyard air movement supports convective
heat dissipation and, when combined with permeable paving and vegetation, indirectly
enhances thermal comfort (TC) in adjacent indoor and semi-outdoor spaces.

Modern courtyards, by contrast, exhibit consistently lower and more stable air velocity.
Rigid enclosure forms and extensive concrete paving restrict airflow, diminishing the
courtyard’s effectiveness as a ventilation buffer and reducing its contribution to passive
cooling. This limitation increases reliance on mechanical systems.

Among vernacular dwellings, V2 demonstrates a lower air velocity than V1 and V3.
This difference is primarily due to V2’s elongated north–south courtyard proportions
and partial building obstruction on the eastern side, which limit wind penetration and
reduce effective airflow circulation. These results underscore the significance of courtyard
geometry and surrounding massing, alongside material characteristics, in determining
ventilation performance.

Although measurements were confined to courtyard spaces, the results are significant
because courtyards function as transitional zones that precondition air entering interior
spaces. When considered alongside the PLS-SEM results, which indicate that Spatial
Configuration (SC) and Thermal Comfort (TC) strongly influence Housing Satisfaction (HS),
the air velocity data provide empirical support for the modelled relationships. Combined
with evidence from air temperature, humidity regulation, and energy use, these findings
confirm that vernacular courtyard design enhances thermal comfort by improving airflow
and moderating the microclimate.

5. Discussion
5.1. Reconceptualizing the Comfort–Sustainability Trade-Off Through an Integrated
Analytical Framework

This study advances the understanding of rural residential sustainability by transcend-
ing the conventional dichotomy between vernacular and modern dwellings. Instead of
presenting comfort and energy efficiency as mutually exclusive, the findings indicate that
these dimensions are structurally interconnected through spatial configuration, building
materials, and courtyard design. The PLS-SEM results indicate that dwelling type influ-
ences sustainability performance indirectly, through architectural and perceptual variables,
rather than directly affecting comfort or energy consumption.
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Prior research has typically compared vernacular and modern dwellings using
discrete indicators such as indoor temperature, envelope performance, or electricity
consumption [6–10].

In contrast, the present study integrates physical characteristics and residents’ per-
ceptions within a unified analytical framework, demonstrating that housing satisfaction
serves as a critical mediating factor between spatial design and environmental adaptability.
This finding supports adaptive comfort theory [21,22]. by empirically establishing that
perceived comfort is not solely a response to thermal conditions, but is shaped by spatial
logic, material performance, and daily behavioural adaptation.

By quantitatively validating these relationships, this study reconceptualizes the
comfort–sustainability trade-off as a systemic interaction rather than a binary opposi-
tion. Vernacular dwellings demonstrate superior passive adaptability, whereas modern
dwellings offer enhanced spatial amenities; however, neither typology achieves optimal
performance on its own. The primary contribution of this research is the identification of
structural pathways for selectively reintegrating vernacular strategies into modern housing
to reconcile comfort expectations with low-energy living.

5.2. Dwelling Type as a Structural Driver in Housing Satisfaction

The structural model demonstrates that dwelling type strongly influences spatial
configuration and building materials. However, its direct impact on housing satisfaction
is relatively limited when mediating variables are accounted for. This challenges the
prevailing assumption that residents’ satisfaction is primarily determined by whether
a dwelling is classified as “traditional” or “modern.” Rather, satisfaction results from
how spatial organization and material selection translate typological characteristics into
lived experience.

This result is consistent with previous qualitative findings indicating that mod-
ernization changes rural housing form without necessarily enhancing environmental
performance [27–30].

The present study extends this literature by offering quantitative evidence that typol-
ogy functions as a structural driver, influencing downstream variables such as courtyard
usability and perceived comfort. Therefore, dwelling type should be regarded as a con-
textual condition that enables or constrains sustainability outcomes, rather than as an
independent explanatory factor.

From a methodological standpoint, modelling dwelling type as an exogenous la-
tent construct within a PLS-SEM framework constitutes a significant contribution. This
approach enables the separation of direct and indirect effects, demonstrating that the sus-
tainability deficit of modern dwellings is not intrinsic but results from the neglect of spatial
permeability, material thermal properties, and courtyard integration.

5.3. The Mediating Role of Spatial Configuration and Building Materials

A primary contribution of this study is the explicit identification of spatial configu-
ration and building materials as mediating mechanisms that connect dwelling typology
to courtyard adaptability and housing satisfaction. The strong path coefficients observed
between spatial configuration, building materials, and courtyard configuration indicate
that sustainability performance in rural housing is fundamentally relational and arises from
the interaction between indoor and outdoor spaces. In alignment with previous research on
courtyard microclimates [33–35,42], the findings demonstrate that spatial continuity and
material thermal mass together enhance environmental buffering. This study advances the
field by quantifying how these physical attributes influence residents’ perceived comfort
and satisfaction. The results indicate that residents respond not only to thermal conditions
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but also to the coherence among spatial layout, material authenticity, and everyday use
patterns [75,76].

The identified interdependence between spatial configuration and building materi-
als underscores the limitations of retrofit strategies that focus solely on materials while
neglecting spatial logic. Although modern materials can enhance durability and daylight-
ing, their effectiveness is limited when incorporated into spatial layouts that constrain
ventilation and courtyard interaction. This finding contributes to sustainable housing
research by highlighting the need for integrated design interventions rather than isolated
technological upgrades.

5.4. Housing Satisfaction as a Mediator Between Architectural Form and Sustainable Behaviour

In this study, housing satisfaction is identified as a pivotal construct that connects
architectural form to sustainable outcomes. The significant mediating effect of housing
satisfaction between spatial configuration and courtyard adaptability demonstrates that
residents’ subjective evaluations actively influence environmental performance. Elevated
satisfaction levels correspond with greater use and maintenance of courtyard spaces,
thereby reinforcing their roles as passive cooling and social zones.

This finding aligns with research in behavioural and environmental psychology, which
indicates that satisfaction influences adaptive behaviour and energy use [35,77,78]. By
integrating housing satisfaction into the structural model, the study demonstrates that
sustainability encompasses both technical attributes of buildings and socially mediated
processes. In vernacular dwellings, established spatial practices promote comfort tolerance
and low-energy behaviour, while modern dwellings may disrupt these adaptive routines
despite offering improved amenities.

The inclusion of energy-related indicators within the satisfaction construct underscores
the interrelationship between perceived comfort and electricity consumption. Instead of
considering energy use as an external outcome, this study positions it within residents’
experiential evaluations of housing quality, thereby providing a more comprehensive
understanding of sustainable living in rural contexts.

5.5. Implications for Rural Housing Design and Sustainable Development Policies

The findings of this study have significant implications for rural housing design and
policy, especially within the framework of China’s rural revitalization strategy. The results
indicate that sustainability-oriented housing policies should advance beyond typological
replacement and instead prioritize hybrid design models that incorporate vernacular
passive strategies into contemporary construction systems.

In terms of design, this approach involves maintaining courtyard-centred layouts,
improving spatial permeability, and selecting materials that balance thermal mass with
durability. From a policy standpoint, the findings support the formulation of performance-
based rural housing guidelines that emphasize spatial adaptability and user satisfaction, in
addition to energy-efficiency metrics.

More broadly, the validated PLS-SEM framework provides a transferable method-
ological approach for evaluating residential sustainability in regions experiencing rapid
housing transformation. By integrating architectural form, resident perception, and envi-
ronmental performance, this study offers a replicable model for assessing and guiding the
development of low-carbon, climate-responsive housing [79–81].

5.6. Study Limitations and Recommendations for Future Research

Although this study offers valuable insights, several limitations should be acknowl-
edged. First, the empirical data are derived from a single village in a specific climatic
region, which may constrain the generalizability of the findings. Future research should
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apply the framework to multiple regions or climatic zones to evaluate its broader appli-
cability. Second, while perceived energy consumption is integrated, incorporating direct
monitoring of indoor thermal conditions and appliance-level energy use would strengthen
causal inferences.

Future studies should also investigate longitudinal changes in housing satisfaction
and adaptive behaviour as dwellings undergo renovation or retrofit. These extensions
would provide a deeper understanding of how vernacular principles can be systematically
applied to contemporary housing solutions across diverse socio-economic contexts.

6. Conclusions
An integrated analytical framework was developed and validated to examine how

dwelling typology, spatial configuration, building materials, and courtyard layout collec-
tively influence thermal comfort, housing satisfaction, and cooling-related energy perfor-
mance in rural residential environments in northern China. By combining Partial Least
Squares Structural Equation Modelling (PLS-SEM) with on-site microclimatic measure-
ments and summer electricity consumption monitoring, this research provides multidimen-
sional empirical evidence linking architectural form, residents’ thermal experience, and
actual energy use under real operating conditions.

The PLS-SEM results demonstrate strong robustness and explanatory power from
a modelling perspective. The measurement model exhibits satisfactory reliability and
validity, with Composite Reliability values ranging from 0.838 to 0.929 and Cronbach’s
alpha values ranging from 0.714 to 0.900. Although the Average Variance Extracted (AVE)
values for Spatial Configuration (0.477) and Housing Satisfaction (0.402) fall slightly below
the conventional threshold, their high internal consistency reflects the multidimensional
and perception-based nature of these constructs. Discriminant validity is supported by
both the Fornell–Larcker criterion and the HTMT ratio, confirming that architectural,
environmental, and experiential dimensions are empirically distinguishable. The structural
model also demonstrates strong explanatory capability, with R2 values ranging from 0.555
to 0.956.

The findings indicate that dwelling typology serves as a fundamental structural driver
within the rural housing system. Dwelling Type (DT) exerts strong effects on Spatial
Configuration (β = 0.890, f2 = 2.219) and Courtyard Configuration (β = 0.891, f2 = 3.858),
suggesting that spatial organization and courtyard form are primarily shaped by typological
decisions. However, typology does not directly determine housing satisfaction; its influence
is mediated through spatial and environmental pathways, underscoring the significance of
these mechanisms rather than typological replacement alone.

Thermal comfort is identified as the most influential experiential factor in the model.
It has a dominant direct effect on Housing Satisfaction (β = 0.959, f2 = 6.123), which far
exceeds the contributions of spatial configuration or building materials. This result quan-
titatively confirms that residents’ overall evaluation of rural housing quality is primarily
determined by their thermal experience. While spatial configuration also contributes to
satisfaction (β = 0.167), its effect is secondary and largely indirect, operating through
microclimatic regulation.

These structural relationships are strongly supported by field measurements. Vernacu-
lar courtyard dwellings demonstrate superior thermal stability during summer conditions,
with indoor peak temperatures typically 3–5 ◦C lower than those in courtyard and outdoor
spaces, reduced diurnal temperature fluctuations of approximately 2–3 ◦C, and thermal
time-lag effects of 2–4 h. These advantages are associated with courtyard shading, en-
hanced air movement, and the use of high-thermal-mass envelopes. In addition, vernacular
dwellings exhibit more adaptive humidity regulation, with diurnal relative humidity fluctu-

https://doi.org/10.3390/su18031575

https://doi.org/10.3390/su18031575


Sustainability 2026, 18, 1575 38 of 42

ations generally within 15–25%, and improved natural ventilation performance. Courtyard
air velocity is consistently higher by about 0.2–0.4 m/s, indicating more effective convective
heat dissipation.

The thermal advantages of vernacular spatial strategies are further evidenced by
energy consumption patterns. Summer electricity monitoring (June–August) indicates that
vernacular dwellings consistently exhibit lower total and per capita electricity use. Average
per capita electricity consumption ranges from approximately 55–130 kWh per person per
month in vernacular dwellings, compared to 190–330 kWh per person per month in modern
dwellings. Furthermore, modern dwellings exhibit pronounced consumption peaks in
July and August, reflecting greater reliance on mechanical cooling, whereas vernacular
dwellings exhibit more stable, moderate energy demand profiles.

Taken together, the convergence of PLS-SEM results, microclimatic measurements,
and electricity consumption data reveals a coherent causal mechanism. Dwelling typology
shapes spatial and courtyard configurations, which influence material performance and
microclimatic regulation. Thermal comfort plays a pivotal mediating role, linking archi-
tectural form to both housing satisfaction and cooling-related energy use. In this context,
thermal comfort functions not only as a perceptual outcome but also as a reliable indicator
of passive energy efficiency in naturally ventilated rural housing.

In summary, the findings indicate that enhancing the sustainability of rural hous-
ing should not depend primarily on increased technological inputs or mechanical cool-
ing systems. Significant reductions in cooling energy demand can be achieved through
climate-responsive architectural strategies, such as courtyard-centred spatial organization,
enhanced spatial permeability, and the strategic use of high thermal-mass materials. The
study confirms that vernacular dwellings achieve better thermal stability and energy ef-
ficiency through passive design principles. By combining measured environmental data
with an analysis of comfort perception, the research shows that thermal comfort influences
the relationship between building configuration and housing satisfaction. This combined
framework presents a replicable model for reintroducing vernacular strategies into contem-
porary rural housing policy.

This study utilized a PLS-SEM framework to connect architectural, environmental, and
perceptual factors. The validity of the constructs and the model specification were confirmed
through reliability tests and fit indices. The results illustrate the climatic characteristics
of Handan and may not be applicable to other regions. Future research should include
comparisons across different climates to improve the external validity of the findings.
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