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ABSTRACT: In China, the traditional village is an important agricultural civilization legacy in its rural cultural landscape. Influenced by multiple
factors like physical geography and human society, cultural landscape characteristics in traditional villages have obvious intraregional similarities
and interregional differences within a particular space. To examine spatial differentiation in cultural landscapes in traditional villages and determine
their spatial distribution characteristics and historical evolutionary paths, the cultural landscape zoning method in traditional villages was explored in
this study. The goal was to facilitate systematic regional protection, development, and use of traditional villages.

First, the cultural landscape factor system in traditional villages was decomposed into 21 types of cultural landscape factors. Those factors be-
longed to four classes: natural environment, spatial form,dwelling type, and social culture. Second, the data on cultural landscape factors were col-
lected and analyzed. Quantitative factors were normalized by the Statistical Package for the Social Sciences (SPSS) software. Third, Principal Com-
ponent Analysis (PCA) was used to quantitatively analyze the quantitative factors to extract principal components and perform hierarchical cluste-
ring. Finally, cultural landscape zoning in traditional villages was achieved with a GIS map expression method by combining the qualitative sensory
impressions of descriptive factors. Also, 320 traditional villages in Chongqing City were chosen as research objects, and the proposed zoning meth-
od was empirically applied.

Results demonstrated the following:(1) A systematic cultural landscape zoning method in traditional villages was formed. That method com-
prised factor decomposition, data acquisition and processing, principal component extraction, and hierarchical clustering-zoning. (2) Cultural land-
scape characteristics in traditional villages in Chongqing can be divided into four zones: a commercial culture dominant type in the west, an immi-
grant-culture dominant type in the center, a defense-culture dominant type in the northeast, and an ethnic cultural integration type in the southeast.

Chongqing was chosen as the study area, and 320 traditional villages covering the entire Chongqing City were chosen as research objects in the
empirical study. Results showed that an optimized zoning method that combines quantitative and qualitative analyses of “principal component ex-
traction combined with hierarchical clustering” was feasible and had high operability. Also, optimization of the traditional village zoning method
was manifested in two main aspects. On one hand, the informationretention rate of the “zoning factor” increased significantly from the traditional
20% -30% to at least 80% . This refines and enhances the dominant expression of cultural landscape characteristics and decreases the loss of “non-
dominant factor” information. It also decreases the subjectivity of the zoning outcome. The extracted principal factors were gained from recombi-
ning cultural landscape factors in various traditional villages according to a weight relation. Such a weight relation was calculated by the SPSS soft-

ware according to pure mathematical statistical relations, and reduced the subjectivity associated with weight determination in the traditional “expert
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scoring method.”

In future studies, the migration paths of cultural landscape factors among different zones in traditional villages, their evolutionary mechanism

and influencing characteristics, and the macro-, meso-, and micro-applications of zoning outcomes must be further examined.

KEYWORDS: traditional villages; cultural landscape; zoning; principal component analysis; hierarchical clustering method; Chonggqing

Introduction

Traditional villages, asboth historical witnesses and
important heritage of China’ s agricultural civilization, are
one of the important cultural landscapes created by hu-
mankind throughout their historical evolution [ 1]. The
concept of “traditional village cultural landscapes” derives

'y

from “cultural landscapes,” a category of cultural heritage
introduced within the World Heritage framework in 1992.
Synthesizing domestic and international research, Tang
Maolin defines “cultural landscapes” as landscapes formed
by human utilization of natural materials to satisfy specific
needs, essentially superimposing the results of human activities
onto natural landscapes [ 2]. In China, this concept was first
comprehensively elucidated in the Guiyang Recommendation,
which describes it as the “joint work of long-term interac-
tion between nature and humanity.” It is characterized as a
significant type of cultural landscape that is not only crea-
ted by human action but also encompasses that action it-
self. This landscape embodies the diverse survival wisdom
possessed by village societies and ethnic groups, reflects
the intrinsic connection between humanity and nature, and
represents the crystallization of agrarian civilization. It is
distinct from both landscapes intentionally designed by
humans and natural landscapes bearing few traces of hu-
man modification [ 3]. Influenced by natural geography
and human society, the cultural landscape of traditional
villages exhibits marked spatial differentiation, manifes-
ting as similarities within certain regions and differences
between them. Zoning is an effective method for exploring
the spatio-temporal differentiation characteristics and evo-
lution paths of traditional village cultural landscapes.

The study of traditional villages can be divided into
three major stages: the initial stage (prior to 1996), domi-
nated by descriptive studies; the developmental stage
(1996-2005), characterized by the continuous expansion of
research methods and depth; and the active stage (post-

2005), featuring the coexistence of traditional themes with

http: / www.viserdata.com/journal/jsa

“soft” factors such as place identity and organizational be-
havior[ 4]. In recent years, with the integration of multiple
disciplines such as human geography, ethnology, architec-
ture, and urban and rural planning, studies have progres-
sively moved towards the typology and zoning of tradi-
tional villages [ 1]. Regarding the content of research on
traditional village cultural landscapes zoning, the focus
has shifted from a single cultural landscape element to a
more comprehensive cultural landscape zoning approach.
Studies focusing on single elements mainly concentrate on
village morphology [ 5], dwellings [ 6], landscapes [ 7],
ethnicity [ 8], and infrastructure [9]. In contrast, compre-
hensive cultural landscape zoning involves the regional di-
vision of whole villages [ 10] or settlements [ 11] covering
multiple elements, as well as research on regional forma-
tion mechanisms [ 12]. In terms of research scale, macro
and meso scales are dominant, while research at the micro-
scale is gradually increasing. The macro-level focuses on
the whole country [ 13], the meso-level studies concern
regions [ 14], provinces [ 15], cities [ 16, and the micro-
level concentrates on localities [ 12] and counties [ 17]. In
terms of research methods, qualitative research is the main
approach, and quantitative research is gradually integrated
on the basis of qualitative research. Qualitative research is
most commonly conducted using descriptive methods
[ 18], multi-factor overlay methods [ 19], dominant factor
methods [ 10], and historical-geographical methods [ 20].
Descriptive methods are largely obsolete due to their
strong subjectivity and lack of standardization, while the
other methods are still commonly used. Integrated quanti-
tative methods involve correlation analysis and extraction
of dominant factors [ 1]; determining factor weights via
“expert scoring method” to standardize elements; and cal-
culating village similarity for clustering [ 21]. This also
includes using cluster analysis to group factors by type,
followed by correlation analysis for categorical zoning

[227]. An overview of current research reveals that the



SONG Zhengjiang., ZHAO Yao. LONG Bin/Journal of South Architecture 1:(2026) 1-16 3

content has become increasingly rich and in-depth, the re-
search scales have been gradually refined, and the research
methods have strengthened quantitative analysis. However,
quantitative analysis still has certain shortcomings. First,
regarding the selection of “dominant factors,” although
quantitative research has been explored, it often still in-
volves pre-determining a factor as an independent or de-
pendent variable and then analyzing its correlation with
other factors to verify the correctness of the selection. Fur-
thermore, the dominant factor method retains only about
30% of the information ", resulting in a significant loss of
information from non-dominant factors. This method is
actually a dominant factor-based zoning, rather than a zon-
ing of the “overall characteristics of cultural landscape”.
Second, regarding methods like multi-factor overlay and
similarity clustering, although they attempt to move away
from purely subjective weight assignment, methods such
as the Delphi method or Analytic Hierarchy Process (AHP)
still rely heavily on human judgment. This leads to subjec-
tive bias in the zoning process and a lack of objectivity in
the results. Therefore, drawing on the aforementioned
methods, this paper introduces a quantitative analysis
method combining Principal Component Analysis (PCA)
for dimensionality reduction with hierarchical clustering,
which not only fully reflects the characteristics of cultural
landscapes but also avoids the subjective influence of
weighting values. By combining quantitative and qualitative
methods, this paper explores a more comprehensive, objective,
and accurate method for zoning traditional villages.
Chongqing borders Shaanxi, Sichuan, Guizhou, Hu-
nan, and Hubei provinces, and its unique natural and cul-
tural environments haveshaped the diversity and complex-
ity of its traditional villages. To better grasp the character-
istics of Chongqing’s traditional village cultural landscape
system, this study selected 320 “traditional villages”? lis-
ted by the national and Chongqing municipal governments
as research subjects. An attribute system of cultural land-
scape factors was constructed, and SPSS was used to ex-
tract principal component factors and perform cluster anal-
ysis on quantitative indicators. Based on the clustering re-
sults, zoning was carried out in combination with descrip-

tive indicators and qualitative sensory impressions to re-

veal the spatial differentiation characteristics of traditional
villages in Chongqing. This work aims to improve the
methods of zoning traditional villages and to provide a
foundation for subsequent research on their protection and

development.

1 Studyarea and data sources

1.1 Overview of thestudy area

Chonggqing is located in the eastern part of Southwest
China, bordering Hubei and Hunan to the east, Sichuan to
the west, Guizhou to the south, and Sichuan and Shaanxi
to the north.It covers an area of approximately 82,400 km’
and administers 38 county-level divisions, including 26
districts, 8 counties, and 4 autonomous counties, with
which collectively contain 8,015 village committees [ 23 ].
Located in the eastern part of the Sichuan Basin, the ter-
rain descends from east to west, with complex and diverse
landforms, a well-developed water system, and a climate
that combines the characteristics of mountainous and val-
ley areas. Historically, Chongqing has served as an inter-
section for the “Ba,” “Shu,” and “Chu” cultures, and its
administrative divisions have undergone numerous splits

and mergers over time.
1.2 Data sources

The research data were obtained from three sources:
(1) Research samples. A total of 110 villages in Chongqing
have been listed in the five batches of “Traditional Chi-
nese Villages Lists” by national ministries, including the
Ministry of Housing and Urban-Rural Development (MO-
HURD). Furthermore, the Chongqing municipal authorities
have designated 22 municipal-level traditional villages, 45
historic and cultural villages (across two batches), and 444
villages hosting protected cultural relics protection units
(across three batches). After removing duplicates and vil-
lages in highly urbanized areas, a total of 320 village sam-
ples were obtained (Figure 1). (2) Documentary data. This
includes official announcements on traditional villages
from the MOHURD, archives on traditional villages from
the Chongqing Municipal Commission of Housing and Ur-
ban-Rural Development, promotional materials on histori-
cal and cultural villages from the Municipal Planning and

Natural Resources Bureau, and the list of cultural relics

http: / www.viserdata.com/journal/jsa
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protection units. (3) Geographical data. Digital Elevation
Model (DEM) data were obtained from the SRTMDEM

30M data sourced via the Geospatial Data Cloud of the
Chinese Academy of Sciences (http: / www.gscloud.cn).

Figure 1 Spatial distribution of traditional villages in Chongqing

2 Research methods

2.1 Deconstruction of traditional village cultural landscape

The formation of traditional village cultural land-
scape zones is mainly influenced by geographical environ-
ment, regional culture, and economic and social factors
[13]. The identifiability and distinctiveness of regional
characteristics are reflected by cultural landscape factors
[10]. The zoning results will vary greatly depending on
the research perspective, factor type, sample size, and de-
lineation method [[24]. To enhance the reliability of zon-
ing results, a more comprehensive range of factor types

and a larger sample size should be used to support them.

http: / www.viserdata.com/journal/jsa

This study is based on the principles of authenticity of in-
formation that forms the core of the landscape, representa-
tiveness of landscape features that are excavated and se-
lected from different historical periods, recognizability
that is easy to identify, collect, and express intuitively, and
consensus broadly acknowledged within social or academ-
ic domains. Referring to existing studies and the regional
profile of Chongqing [ 1, 15, 16, 25], this study established
a deconstruction framework of 21 factors across four cate-
gories: natural environment, spatial form, dwelling type,
and social culture. These factors are categorized into quan-
titative (data-based) and qualitative (descriptive) types

based on their inherent properties (Table 1).
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Table 1 Attributes ofcultural landscape factors in traditional villages of Chongqing
Cultural landscape
Category Subtype of cultural landscape factors Data type
Factor type
Low-altitude plains, medium-altitude plains, low-altitude plateaus, medium-altitude plateaus, high-
Landforms altitude plateaus, low-altitude hills, medium-altitude hills, high-altitude hills, gently undulating low
mountains, gently undulating medium mountains, gently undulating high mountains
Elevation H<C500 m, 500 m<<H<C1000 m, 1000 m<<H<3500 m
Micro(S< 100 km?), small (100 km?)<<S< 500 km?), medium-sized (500 km?) <<S< 1000 km?),
Watershed Scale 2
Natural large (1000 km*<<S)
environment Near mountains and near water, near mountains andfar from water, far from mountains and near wa-
Site Selection® )
ter, far from mountains and far from water
Relation to o . L .
. Flatland, hillside, foothill, mountainside, mountaintop
Mountains
Relation to Water No adjacent water, point-type, single-sided, double-sided, through-type, and ring-type Quantitative
Proximity to Rivers | Adjacent (D< 300 m), near (300 m<<D< 600 m), far (600 m<<D< 900 m), none (900 m<<D)
Grouping Pattern Clustered, strip-shaped, grouped, scattered
Morphological type | Punctate, strip, tiered, compact, centripetal, free-form, enclosed
Spatial . . Feng shui forest & pond, feng shui forest (no pond), pond (no feng shui forest), none (no forest, no
f Village environment
orm pond)
. . . Backed by mountains and facing water, with multiple directions of mountain support, one direction
Village orientation® . . T .
of mountain support, multiple directions of road support, and one direction of core area.
. Traditional Chinese courtyard houses, stilted houses, shop-houses, watchtowers, Western-style hou-
Dwelling type .
ses, and fortified manor houses
L . Rammed earth, adobe bricks, bamboo-wattle and daub, wooden boards, stone strips, rubble, blue
Building materials . .
bricks, red bricks, etc.
Dwelling S . .
Facade features Tripartite facade proportion, entrance, eaves, gate tower, roof ridge ornaments, etc.
form
Roof form Overhanging gable, flush gable, hip-and-gable, fire gable wall, pyramidal, hip roof Descriptive
Building-Ground L Lo .
Ground-level, semi-stilted (Diaojiaolou), and fully stilted (Ganlan)
Interface
Typical buildings Basic building information recording, planimetric survey, and elevation survey
Era of construction | Yuan Dynasty and earlier, Ming Dynasty, Qing Dynasty, Republic of China period and later
Quantitative
Ethnicity Han, Tujia, Miao, Gelao, etc.
Social Intangible cultural Ethnic songs, handicrafts, folk activities, traditional customs, clan order, village planning wisdom,
culture

heritage

etc.

Dominant culture

Industrial-commercial culture, agricultural culture, immigrant culture, defense culture, salt culture,

ethnic culture, etc.

Descriptive

2.2 Data collection and standardization processing

For descriptive factors, the Rapid Ethnographic As-
sessment Procedure (REAP) was employed, employing
methods such as photography, field surveying, question-
naires, and interviews to collect data, archive photographs,
and organize qualitative descriptions. For quantitative fac-
tors, one approach is to use REAP to collect statistical data
from literature and survey materials. Second, the Tianditu

platform was used to search for place names and employed

visual interpretation to identify and statistically analyze
relevant factor information. Third, villages were abstracted
as points by selecting the geometric centers of their repre-
sentative architectural clusters to determine longitude and
latitude coordinates. These coordinates were then imported
into ArcGIS for vectorization [ 26 ] and integrated with
Digital Elevation Model (DEM) data to conduct analysis
and statistics on the geospatial information associated with

the factors.

http: / www.viserdata.com/journal/jsa
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Data-based factors cannot be directly statistically an-
alyzed due to differences in information type and dimen-
sion. Standardization is required to eliminate the influence
of dimension on the analysis [27].

(1) Construction of the original data sample matrix X
of village cultural landscape factors:

X1 Xn Xpo ot Xy,

X2 X2 "t Xy

X! Xo Xm v X

Here,x; is the value of the j-th cultural landscape fac-
tor variable in the i-th village, n is the number of village
samples, p is the number of cultural landscape factor
types, and n > p.

(2) Normalization. The matrix X is normalized to ob-
tain the matrix Z. Use SPSS data transcoding to resolve
inconsistencies in the types and dimensions of indicators

in matrix X:

Z Zy  Znp Zip
Z, Zy  Zp Zyp
7= = )
T
Zy Zni Zny an

Xij j - . . .
Z;= , and here, X; is the arithmetic mean of
§j

. i _ 1<
X;, sjis the standard deviation of x;. X; = 72&” sj =
iT g i

i= 1
— X~ X;) .

o1 20O %)

2.3 Principal component analysis

Principal component analysis is a method that simpli-
fies the structure of a dataset by using the concept of di-
mensionality reduction [ 28]. Principal component analysis
of village cultural landscape factors involves transforming
multiple factors that were originally correlated with each
other using SPSS to extract a small number of uncorrelat-
ed principal components (PCs) that comprehensively re-
flect the information carried by the original multiple fac-
tors. These principal component factors are the principal
components of the original multiple factors. Characterized
by their small number, mutual uncorrelation, and retention
of over 80% of the original information content, these

principal components achieve the goal of dimensionality

http: / www.viserdata.com/journal/jsa

reduction when they replace the original set of factors in
analysis [ 29]. The extraction steps are as follows:

(1) Calculate the correlation coefficient matrix R for
matrix Z:

R=[r o= 27

(2) Calculate the eigenvalues of the correlation coef-

ficient matrix R:
|R-AL [= 0

Solving this yields p eigenvalues, where A=A, =>+++=>
A,=0.

(3) Determine the value of m such that the cumula-

tive variance contribution rate of the principal components

exceeds 80%::

[
>

-
[

= 0.8
A

]

NS

=1

.

For each A;(j= 1, 2,-*+, m), solve the system of equa-

tions Rb= A;b, thus obtaining the unit vector bj= H bj I
j
(4) Calculate the m component score coefficients
u;= z{bj(for j= 1,2,>:-,m) of z;= (zy1, zp, ***, ;)" t0 Ob-

tain the coefficient matrix U:

T
u; Uplp Um
T
u; Uz Ux Uy
U= =
T u, u u
u, pl¥p2,,, Ypm

Where u; represents the principal component vector
of the i-th variable.
(5) Establish the principal component extraction model:
Fi=un X+ uy X+ o+ upn X,

F2= u12X1+ UZIXZJF seet umIXm

Fo=umXi+ upnXet oo+ upmXn
Here, F,, F,, -+, F,, denote the m extracted principal
components; uj; represents the coefficients from the deci-
sion matrix U; and X,, X,, **, X, are the standardized
values of the original factors.

2.4 Hierarchical clustering analysis

Hierarchical clustering is a method that progressively

merges clusters from many to few based on inter-cluster
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distances at different levels[ 27 ]. In the hierarchical cluste-
ring of principal components derived from village cultural
landscape factors, the information carried by the principal
component factors serves as the attribute set. Initially, each
village is treated as a distinct cluster, constituting the first
level. Using the “inter-village distance” (village similarity)
as the statistic, the villages with the smallest “inter-class
distance” are merged into a new cluster, forming the sec-
ond level. Subsequently, the new clusters from the second
level are grouped based on inter-class distances. This
process is repeated recursively until all villages are aggre-
gated into a single large cluster. The final “number of
clusters” can be pre-specified according to practical needs
or determined by evaluating the reasonableness of sample
attribution using expert judgment [ 30].

2.5 Zoning of traditional village cultural landscapes

The zoning of traditional villages falls within the category
of “formal cultural regions,” referring to the distribution range
of people or landscapes possessing shared cultural attributes
that are formed naturally without external imposition [ 31 ].
However, due to the processes of spatial transition and regional
variations, there exists a degree of long-distance dispersal of
villages with similar characteristics and short-range intermixing
of villages with different characteristics. Therefore, based on the
principal component clustering of quantitative factors, it is nec-
essary to combine the regional differences described by de-
scriptive factors such as building materials, facade features, roof
forms, building-ground interface, typical building documenta-
tion, intangible cultural heritage, and dominant culture. Based
on principles such as similarity of cultural landscape character-
istics, geographic contiguity, convergence of development
processes, equal development levels, distinct core and peripher-
al areas, and county and district administrative divisions as

boundaries

, spatial overlay should be carried out to seek
commonalities and refine boundaries. the cultural landscape re-
gions of traditional villages are delineated by combining quan-

titative and qualitative methods.
3 Analysis and results
3.1 Spatial distribution of cultural landscape factors

Based on the aforementioned framework for deconstruct-

ing traditional village cultural landscape factors and the corre-

sponding data collection methods, the collected and organized
14 quantitative factor information items were processed by
ArcGIS to form corresponding spatial distribution maps, which
intuitively express the spatial distribution characteristics of the

quantitative factors (Figure 2).

3.2 Extraction of principal component factors

3.2.1 Model validation

A strong correlation between factor variables is a
prerequisite for principal component analysis, so it is nec-
essary to test whether the model is suitable. The KMO val-
ue shown in Table 2 is 0.853, which is much greater than
0.5 (the value ranges from 0 to 1, and the closer it is to 1,
the stronger the correlation) [ 29 ], indicating that the cor-
relation between the factors is relatively strong. Mean-
while, the approximate chi-square distribution value of
Bartlett’s test for sphericity is 4223.528, with 91 degrees
of freedom and a significance of 0.000, which is much
smaller than 0. 001 [ 29]. Therefore, the data model,
through the KMO and Bartlett’s double test of sphericity,
can effectively summarize the interrelationships and com-
mon characteristics among cultural landscape factors, indi-

cating that the sample data meet the analysis conditions.
Table 2 Correlation test between KMO and Bartlett

KMO sampling suitability measures 0.853
Approximate Chi-Square 4223.528
Bartlett’s test for sphericity Degrees of freedom (df) 91
Significance (Sig.) 0.000

3.2.2 Eigenvalues and contribution rates

The principal component eigenvalues and contribu-
tion rates are the basis for selecting the number of princi-
pal components[ 27]. The principal component eigenvalues
and variance contribution rates of the village cultural
landscape factors are shown in Table 3. Based on the crite-
rion of eigenvalues A=>1 [ 27], five principal components
were extracted. Their cumulative variance contribution rate
reached 84.845% , satisfying the statistical requirement that
the cumulative contribution rate exceed 80% . This ac-
counts for 84.845% of the information content of the orig-
inal factors. Therefore, the first 5 principal components

were selected to replace the original 14 quantitative factors

for analysis.

http: / www.viserdata.com/journal/jsa
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Figure 2 Spatial distribution characteristics of quantitative cultural landscapes in traditional villages of Chongqing based on subtypes

http: / www.viserdata.com/journal/jsa
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Table 3 Eigenvalues and variance contribution rates of principal components of cultural landscape factors

Initial eigenvalues Extraction sums of squared loadings
Principal component
Total Percentage of variance Cumulative% Total Percentage of variance Cumulative%

1 6.196 44.261 44.261 6.196 44.261 44.261
2 2.297 16.405 60.666 2.297 16.405 60.666
3 1.212 8.657 69.323 1.212 8.657 69.323
4 1.161 8.291 77.614 1.161 8.291 77.614
5 1.012 7.231 84.845 1.012 7.231 84.845
6 0.700 4.997 89.842 — — —

7 0.380 2.715 92.557

8 0.353 2.521 95.078 — — —

9 0.278 1.984 97.063 — — —
10 0.119 0.847 97.909

11 0.108 0.774 98.683 — — —
12 0.082 0.587 99.270 — — —
13 0.060 0.431 99.701 — — —
14 0.042 0.299 100.000 — — —

3.2.3 Principal component function

Five principal components were selected as principal
component factors for analysis. Their factor loading matri-
ces are shown in Table 4. The factor loading vectors repre-
sent the contributions of factors to each principal compo-
nent. The principal component function is expressed as the
standardized values of the 14 original variables multiplied
by the coefficients of the decision matrix, and then
summed ?. The five principal component functions are:

F,= 0.025X, + 0.029X, + 0.006X; — 0.032X, +
0.060X; + 0.052X, + 0.058X, + 0.001X; + 0.060X, +
0.058X,,—0.007X,, —0.043X;, — 0.059X,; +0.037X,,

F,= — 0.231X, — 0.231X, — 0.007X; + 0.199X, +
0.031X; + 0.051X, + 0.068X; + 0.022X; + 0.070X, +
0.084X,,—0.081X,, +0.026X,,+0.087X,; —0.087X,

F;= 0.144X, + 0. 141X, + 0. 157X, + 0.075X, +
0.049X; + 0. 046X, + 0. 136X, + 0.270X; + 0.086X, +
0.112X,,+0.409X,, +0.414X,,+0.064X,; —0.390X ,,

F,= 0.083X, + 0.081X, + 0.266X; + 0.002X, —
0.071X5 — 0.002X, — 0.006X; + 0.636X; — 0.086X, —
0.037X,p —0.454X;, —0.161X,, — 0.028X,; — 0.084X,

Fs= — 0.169X, — 0.138X, + 0.869X; — 0.058X, —
0.022X; — 0. 174X, + 0.011X; — 0.162X; + 0. 029X, —
0.009X,,+0.230X,, —0.118X,, —0.026X; +0.210X,

As can be seen from Table 4, Xs, Xo, X5, X5, and X,

exhibit the highest factor loadings on F, and are positively
correlated, mainly reflecting the influence of relation to
mountains, grouping patterns, era of construction, proxim-
ity to rivers, and spatial forms. On component F,, varia-
bles X,, X;, and X, show the most significant loadings;
specifically, X, and X, are negatively correlated, whereas
X, is positively correlated. These factors primarily reflect
the influence of elevation and landform. Variables X,,, X,
and X,, have the highest loadings on F;, with X,, and X,
showing positive correlations and X, showing a negative
correlation. This component primarily embodies the influ-
ence of dwelling type and village environment. Variable
Xz exhibits the highest loading on F, with a positive corre-
lation, mainly reflecting the influence of village orienta-
tion. Finally, variable X; has the highest loading on Fs and
is positively correlated, primarily reflecting the influence
of the Watershed Size.
3.3 Hierarchical clustering of principal components

Each of the 320 villages was considered as acluster,
with the five principal component factors as its attributes.
SPSS cluster analysis was performed using the between-
groups linkage method and squared Euclidean distance as
the distance measure. No predetermined range was set for
the number of clusters, and a cluster dendrogram was

drawn. As shown in Figure 3, at the distance coefficient

http: / www.viserdata.com/journal/jsa
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d= 5, it clusters into 81 clusters; d= 10, clusters into 20
clusters; d= 15, clusters into 7 clusters; d= 20, clusters in-
to 3 clusters; and d= 25, clusters into 1 cluster. It can be
seen that different distance coefficients correspond to dif-
ferent numbers of clusters. The number of clusters was set
to 2-10 for further analysis. The corresponding area codes
of each village in each cluster were obtained. The area
codes were imported into the corresponding village attrib-
ute table in ArcGIS. Spatial geographic maps of clusters 2-10
were drawn and compared. It was found that the spatial distri-
bution of villages in clusters 2-3 was too fragmented and inter-
mixed. If divided into 2-3 characteristic areas, these solutions
would show clear deficiencies in terms of intra-regional cultur-

al landscape similarity, distinctiveness between core and pe-

Table 4 Principal component factor loading matrix

ripheral areas, convergence in developmental processes, and
comparability in development levels. The spatial distribution of
villages in clusters 5-10 shows that a small number of villages
are now clustered together. The main reason for this is that
they are located in areas of ethnic integration, typical im-
migrant areas, and areas on the edge of municipal boundaries.
This result is suitable for reference in the next step of sub-re-
gion division. Based on the influence of Chongging’s topog-
raphy, hydrology, climate, and other natural environment
and human environment, such as population migration and
social organization, on the characteristics of village cultur-
al landscape [ 25, 32], it was determined that a cut-off dis-
tance of d= 16 yields a reasonable clustering of the 320

villages into 4 categories.

Cultural landscape factors| Principal component F; | Principal component F, | Principal component F3 | Principal component Fy4 Principal component Fs
X (Landforms) 0.062 -0.350 0.158 0.089 -0.170
X2 (Elevation) 0.073 -0.351 0.155 0.087 -0.139
X3 (Watershed Sizel) 0.015 -0.010 0.173 0.286 0.874
X4 (site Selection) -0.080 0.301 0.082 0.003 -0.059
X5 (Relation to Mountains) 0.150 0.046 0.053 -0.077 -0.022
X6 (Relation to Water) 0.129 0.077 0.050 -0.002 -0.175
X7 (Proximity to Rivers) 0.145 0.104 0.150 -0.006 0.011
X3 (village orientation) 0.002 0.033 0.297 0.685 -0.163
X9 (Group Relationship) 0.150 0.107 0.095 -0.092 0.029
X10 (Morphological type) 0.145 0.128 0.123 -0.040 -0.009
X11 (Village Environment) -0.018 -0.122 0.450 -0.489 0.232
X12 (Types of dwellings) -0.106 0.039 0.456 -0.173 -0.119
X3 (Era of construction) 0.147 0.132 0.070 -0.030 -0.026
X4 (Ethnicity) 0.093 -0.132 -0.429 -0.090 0.212

Figure 3  Clustering dendrogram of principal component factors

3.4 Results and typical characteristics of cultural landscape

zoning in traditional villages

3.4.1 Results of cultural landscape zoning in traditional
villages
By combining quantitative factor clustering results

with descriptive factors such as architecture, ethnicity, and

http: / www.viserdata.com/journal/jsa

dominant culture to identify common features, spatial o-
verlay and boundary fine-tuning were performed, ultimate-
ly dividing Chongqing’s traditional villages into four cul-
tural landscape zones. Drawing on the “tripartite” naming
convention [ 337, the zones were named according to the

structure: “Geographic Location — Dominant or Blended
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Culture Type — Common Name.” The four major tradi-
tional village cultural landscape areas in Chonggqing are:
the Western Commercial Culture-Dominated Traditional

Village Landscape Zone, the Central Immigrant Culture-

Dominated Traditional Village Landscape Zone ", the

Northeastern Defense Culture-Dominated Traditional Vil-
lage Landscape Zone, and the Southeastern Ethnic Culture

Integration Traditional Village Landscape Zone (Figure 4).

Figure 4 Division of traditional villages in Chongqing

3.4.2 Typicalc haracteristics of traditional village cultural

landscape zones

The Western Commercial Culture-Dominated Tradi-
tional Village Landscape Zone encompasses eight districts
and counties, including Hechuan and Jiangjin. The terrain
is mainly plains and plateaus. Villages are commonly loca-
ted in plains and typically near water orrivers. The spatial
form of villages is most characterized by clusters and
strips. Commercial villages rarely have feng shui forests or
ponds, while feng shui forests are more common than
ponds in agricultural villages. The houses are mostly ori-
ented towards roads or mountains; the types of dwellings

are diverse, with both ground-level and stilted Building-

Ground Interfaces, and the shophouses and Western-style
houses are the most distinctive; the ethnic group is mainly
Han Chinese. The social culture includes industrial and
commercial culture, hilly agricultural culture, Hakka im-
migrant culture, and Buddhist and Taoist stone carving
culture, with commercial culture being the most promi-
nent. Social organizations are mainly composed of guilds
(Huiguan) based on trade and regional ties.

The Central Immigrant Culture-Dominated Tradition-
al Village Landscape Zone includes 15 districts and coun-
ties such as Qijiang and Fuling. The terrain is mainly hilly
and low mountainous, a typical parallel ridge-and-valley

region. Villages are often located in hilly areas, close to

http: / www.viserdata.com/journal/jsa
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mountains and water; the spatial form of villages is mainly
clustered, dense, and centripetal. Most of them have feng
shui forests, while ponds are relatively rare. Houses are
mostly oriented backed by mountains, and are divided into
single-direction and multi-directional based on the terrain.
Dwelling types are diverse, with ground-level dwellings
being the most common. The traditional Chinese courtyard
houses are the most prominent, while the walled houses
are the most distinctive. The watchtowers are made of a
combination of earth and stone. The ethnic group is Han,
with some ethnic minorities present in the southern area
bordering Guizhou. Social culture includes migration cul-
ture, hilly and mountainous agricultural culture, and mili-
tary defense culture, with migration culture being the most
prominent. With clans as the basic social structure, the size
of the clan determines the size of the village, and there are
close connections within the clan.

The Northeastern Defense Culture-Dominated Tradi-
tional Village Landscape Zone comprises nine districts and
counties, including Wushan and Wanzhou. The terrain and
landforms are diverse, ranging from hills, low mountains,
medium mountains, and high mountains from south to
north. Villages tend to be located near mountains or water,
often situated at the foot or summit of mountains. The
most common spatial forms of villages are clustered,
dense, and centripetal. Villages generally have feng shui
forests, but few ponds. The houses are mostly oriented to-
wards the mountains; the style of dwellings is relatively
simple, and the ground-level approach is the most com-
mon. Chinese-style houses and watchtowers are the most
common. In the Zhongshan area, they are mostly in a
straight line. Courtyard houses are mostly located in low

mountains and hilly areas. Watchtowers are mainly made

of stone, and in the Dabashan area, stone is used for walls
and roof tiles. The ethnic group is mainly Han, with Tujia
as a secondary ethnic group. Social culture includes defen-
sive culture, salt culture, immigrant culture, Ba-Chu cul-
ture, agricultural culture, goddess culture, and Wu (Sha-
manic) culture, with defensive culture being the most
prominent. Villages are based on clans as their basic social
structure, with strong clan blood ties.

The Southeastern Ethnic Culture Integration Traditional
Village Landscape Zone encompasses six districts and counties,
including Youyang and Xiushan. The terrain is dominated by
low mountains and hills, making it a typical mountainous area.
Villages tend to be located near mountains or water, often situ-
ated at the foot or ountainside; their spatial forms are most dis-
tinctive in clusters and strips. The village environment is based
on feng shui forests, and there are often ponds in the flatter ar-
eas. The orientation is determined by the mountain as a back-
drop, or by the water if there is water nearby, and if there
is no water, the orientation is determined by considering
both the mountain behind and the direction facing the
mountain. The dwellings are characterized by their distinc-
tive features, especially the stilted houses. The stilted hou-
ses of the Tujia, Miao, and Gelao ethnic groups have their
own unique features in terms of terrain utilization, shape,
stilt structure, details, and roofs, due to the influence of
their geographical environment and the degree of integra-
tion with other ethnic groups. The ethnic groups are main-
ly Tujia and Miao, with Han and Gelao as secondary
groups. Social culture includes agricultural culture, immi-
grant culture, commercial culture, and ethnic culture, with
minority cultures being the most prominent. Villages are
built together by clan blood ties, and there are also a small

number of contractual clan-type villages (Table 5).

Table 5 Comparison of typical characteristics of traditional village cultural landscape zones in Chongqing

Western commercial culture-
Category dominated traditional village

landscape feature zone scape feature zone

Central immigrant culture-dom-

inated traditional village land-

Northeastern defense culture- | Southeastern ethnic culture integra-

dominated traditional village | tion type traditional village land-

landscape feature zone scape feature zone

Natural

Environment

Dazu Hongxing Community

Dashun Village, Fuling

Longxi Village, Wushan Ranjiawan Village, Wulong

http: / www.viserdata.com/journal/jsa
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(Continued)
Western commercial culture- | Central immigrant culture-dom- | Northeastern defense culture- | Southeastern ethnic culture integra-
Category dominated traditional village | inated traditional village land- | dominated traditional village | tion type traditional village land-

landscape feature zone

scape feature zone

landscape feature zone

scape feature zone

Village Panorama

Xingjia Village, Jiangjin

Anzhen Village, Fuling

Dongyan Ancient Village,
Zhongxian County

Yangjiazhai Village, Youyang

Street and
Alley Spaces

Jiguang Village, Dazu

Anzhen Village, Fuling

Ximao Village, Liangping

Dazhai Village, Xiushan

Residential

Buildings

Songjiang Village, Yongchuan

Anzhen Village, Fuling

Yongping Village, Wanzhou

Yongxiang Village, Youyang

Intangible
Cultural Heritage

Songjiang Village, Yongchuan

Fengyang Village, Fuling

Dongyan Ancient Village,
Zhongxian County

Dazhai Village, Xiushan

Residential

Buildings

Songjiang Village, Yongchuan

Anzhen Village, Fuling

Yongping Village, Wanzhou

Yongxiang Village, Youyang

Intangible
Cultural Heritage

Songjiang Village, Yongchuan

Fengyang Village, Fuling

Dongyan Ancient Village,
Zhongxian County

Dazhai Village, Xiushan

Conclusion

The study of cultural landscape zoning in traditional
villages and its methods represents a direction worthy of

in-depth exploration in the cultural geography of tradi-

tional villages. This paper optimizes the zoning method by
combining Principal Component Analysis (PCA) with hi-
erarchical clustering. The new method was then applied to

the zoning of the traditional village cultural landscape in

http: / www.viserdata.com/journal/jsa
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Chongqing to verify its feasibility. The main conclusions
are as follows: (1) A comprehensive zoning method for
traditional village cultural landscapes was established,
characterized by the workflow: “Factor Deconstruction —
Data Collection and Processing — PCA and Hierarchical
Clustering — Zoning.” First, cultural landscape factors
were deconstructed and selected from four aspects: natural
environment, spatial form, dwelling type, and social cul-
ture. Secondly, factor information was collected, and SPSS
was used to standardize the quantitative factors. Next,
SPSS was used to extract principal component factors and
perform hierarchical clustering. Finally, combining de-
scriptive factors with qualitative impressions, ArcGIS was
used to delineate the cultural landscape zoning of tradi-
tional villages. (2) The traditional village cultural land-
scapes in Chongqing can be classified into four zones: the
Western Commercial Culture-Dominated Traditional Village
Cultural Landscape Zone, the Central Immigrant Culture-Dom-
inated Traditional Village Landscape Zone, the Northeastern
Defense Culture-Dominated Traditional Village Cultural Land-
scape Zone, and the Southeastern Ethnic Culture Integra-
tion Type Traditional Village Cultural Landscape Zone.
The characteristics of each zone in terms of natural envi-
ronment, spatial form, dwelling type, and social culture
have been summarized.

By optimizing the quantitative zoning method through
“Principal Component Analysis combined with hierarchi-
cal clustering”, this paper explores and validates a more
objective, reasonable, and accurate approach for character-
izing traditional village cultural landscapes. This repre-
sents a further advancement in traditional village cultural
geography research and quantitative zoning studies. The
new method increases the information retention rate of the
zoning factors and reduces the subjectivity of assigning
weights among the zoning factors. Specifically, the re-
tained information content was elevated from 20% -30%
to over 80% , enhancing the explicit expression of charac-
teristics from “non-dominant factors.” Principal compo-
nents are obtained by combining the factors according to
the weight relationships determined by SPSS software
based on pure mathematical statistics, which reduces the

subjectivity of the traditional “expert scoring method” in

http: / www.viserdata.com/journal/jsa

determining weight values. Future research should further
examine the migration paths, evolution mechanisms, and
impact characteristics of traditional village cultural land-
scape factors in different regions, as well as the applica-

tion of zoning results at macro, meso, and micro scales.

Sources of Figures and Tables

Figures 1-4 in the text were created by the author.

Table 1 in the text was compiled by the author, and Tables
2-4 are the results calculated and derived by the author u-
sing SPSS software based on the data. The images in Table
5, including the second and third photos of the natural en-
vironment, the first aerial view of the village, the first and
third photos of the street and alley spaces, the third photo
of residential buildings, and the second and third photos of
intangible cultural heritage, are from “Archives of Tradi-
tional Chinese Villages”. The remaining photos were taken

by the author.

Notes

1) Traditional zoning analysis typically involves 10 to
15 cultural landscape factors. However, usually only 2-3
“dominant factors” are selected for zoning, resulting in an
information retention rate of only approximately 20% -
30% . This paper focuses on the study of “natural villa-
ges.” For entries in the official “lists” that are designated
as administrative villages, their representative natural vil-
lages were selected as the research subjects.

2) This paper focuses on the study of “natural villa-
ges.” For entries in the official “lists” that are designated
as administrative villages, their representative natural vil-
lages were selected as the research subjects.

3) Traditional village siting is influenced by feng shui
philosophy, emphasizing the principle of “backing the yin
and embracing the yang (Fu Yin Bao Yang), and backing
mountains while facing water” to adapt to and utilize na-
ture; thus, mountains and water become the most critical
factors. The method for judging the distance between vil-
lages and mountains and rivers is as follows: the distance
between villages and mountains and rivers is measured by
the farming radius (the article takes agricultural villages as

the main research object). The two-dimensional farming
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radius is calculated by ideal, normal, and extreme walking
times. Considering the rugged terrain, the accessible radius
within a given travel time in a three-dimensional land-
scape is significantly smaller than the theoretical radius on
a two-dimensional map. Therefore, it is necessary to intro-
duce the topographic position index, traffic conditions,
etc., to adjust the two-dimensional farming radius. After
correction, the equivalent radius on a two-dimensional
map corresponding to the actual three-dimensional travel
distance is approximately 300 m, 600 m, and 900 m. This
paper adopts 600 m as the critical threshold for distinguis-
hing between “far” and “near.” Detailed calculation meth-
ods are available in Reference [ 16].

4) Village orientation determines visual conditions,
lighting, and settlement microclimate, making it a crucial
consideration for siting and settlement.

Chonggqing is located in the southwestern mountains,
with abundant sunshine and varied terrain. The orientation
of villages in Chongqing is unlike other parts of China,
where a single dominant orientation prevails. Instead, they
follow the terrain. This article divides the orientation of
villages based on factors such as mountains, water, and
roads. For a detailed orientation model diagram, please re-
fer to the reference [ 16].

5) Using the administrative boundaries of districts
and counties as the boundaries of cultural zones is to facil-
itate the practical needs of subsequent protection, develop-
ment, and management work based on the zoning results.

6) It should be noted that the Principal Component
Analysis in SPSS yields the initial factor loadings f;; not

the coefficients u; of the decision matrix U. The relation-

£y .
ship between the two is: u;= —~ for j= 1,2, -+, m.

A

7) Due to high urbanization in the “Nine Districts of
the Central City” (main urban area) of this region, a large
number of traditional villages have vanished. This study
involves only a small sample size, which cannot fully
demonstrate its cultural landscape characteristics. Howev-
er, to maintain the integrity of the cultural regions, these
areas have been incorporated into the Central Traditional

Village Cultural Region of Chongqing.
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ABSTRACT: This study presents a novel methodology for quantitatively analyzing contemporary residential bathroom design characteristics by
combining Large Language Model (LLM) image recognition capabilities with text mining techniques. We collected 1,500 bathroom images from
ArchDaily and analyzed 1,492 valid cases using Claude API, applying natural language processing and topic modeling to the generated text data.
Our analysis reveals a remarkable near 1: 1 balance between material nouns (physical objects) and abstract nouns (design attributes), empirically
demonstrating that contemporary bathrooms have evolved from purely functional spaces to venues for aesthetic self-expression. We identified “so-
phisticated modern minimalism” as the dominant design language, characterized by achromatic palettes and refined simplicity. Through Latent
Dirichlet Allocation (LDA) topic modeling, we uncovered six major design themes: Luxury Modern, Nature-Friendly, Functional Vanity Space,
Lighting/Open-concept, Industrial, and Minimalism. This research demonstrates the viability of Al-based architectural image analysis and presents
methodological innovations by applying discovery science approaches to architectural design research.

KEYWORDS: Al image recognition; bathroom design; text mining; topic modeling; architectural data analysis; Claude API; discovery science

Introduction sign elements[ 1,3 ] . While the architectural field actively

explores Al applications, research has primarily focused
Background and research context ) ) ) .
on technical domains such as generative design and para-

The emergence of Large Language Models (LLMs) in metric modeling [47 .

the 21st century has brought significant advances in artifi- Large-scale analysis of aesthetic and cultural charac-

cial intelligence (AI) technology. Recent multimodal LLMs teristics in architectural design remains dependent on sub-
such as GPT-4 and Claude demonstrate capabilities ap- jective interpretation by human researchers, leading to
proaching or exceeding human performance in image rec- critical limitations: restricted sample sizes due to manual
ognition and analysis, enabling high-level interpretations analysis constraints, inconsistent analytical standards
of spatial aesthetics, styles, and relationships between de- across researchers, and difficulty in capturing temporal
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trends objectively. These limitations are particularly acute
in analyzing residential spaces where aesthetic preferences
rapidly evolve alongside technological and social changes.

Among residential spaces, bathrooms represent a dis-
tinctive integration of functionality and aesthetics, reflec-
ting technological advancement, lifestyle changes, and cul-
tural values|[ 5]. The bathroom has transformed from a
purely utilitarian space to a site of personal expression and
wellness. This space now serves as a convergence point
for personal identity, self-care aspirations, and design pref-
erences. However, systematic large-scale research on con-
temporary bathroom design trends remains insufficient,
with existing studies limited to ergonomic considerations,
universal design metrics, or small-sample qualitative ana-

lyses.
Discovery science approach in architecture

Discovery science approaches utilizing big data anal-
ysis and machine learning have produced innovative out-
comes across various fields including medicine, biology,
and materials science. This data-driven methodology,
which inductively derives patterns from large-scale data-
sets rather than testing predetermined hypotheses, comple-
ments traditional hypothesis-driven research approaches.
While urban big data research is increasing in architecture,
large-scale data analysis of architectural design itself re-
mains in its early stages.

The gap between available data and analytical capa-
bilities presents a unique opportunity. Digital architectural
media archives like ArchDaily have accumulated vast re-
positories of professionally curated project documentation,
yet these remain largely unexplored through systematic
quantitative analysis. By combining LLM-based image a-
nalysis with text mining, we can convert subjective design
attributes into objective data, enabling analysis of large-
scale projects with consistent standards previously impos-
sible.

Research objectives and contributions

This study aims to develop and validate a novel
methodology for large-scale analysis of contemporary res-
idential bathroom design characteristics using LLM-based
image recognition and text mining techniques. Our specif-

ic objectives are:

http: / www.viserdata.com/journal/jsa

Empirical validation of Al capabilities, to verify Al’s
architectural space recognition capabilities through sys-
tematic extraction and analysis of objects and design fea-
tures from 1,500 bathroom images, establishing bench-
marks for accuracy and consistency.

Quantification of design language, to quantify com-
positional elements and stylistic characteristics of contem-
porary bathroom design through systematic analysis of
material and abstract nouns, identifying the balance be-
tween functional and aesthetic descriptors.

Spatiotemporal trend identification, to identify design
trends and regional characteristics according to spatiotem-
poral context, revealing how global standardization coex-
ists with local preferences and how major events (e.g., CO-
VID-19) influence design evolution.

Latent pattern discovery, to derive latent design clus-
ters through topic modeling, uncovering implicit design
themes that may not be apparent through traditional analy-
sis methods.

This research contributes to architectural scholarship
by: (a) introducing a reproducible methodology for large-
scale design analysis, (b) providing empirical evidence for
the evolution of bathroom spaces from functional to aes-
thetic-functional hybrids, and (¢) demonstrating how dis-
covery science approaches can reveal hidden patterns in

architectural design data.

1 Related work

1.1 Al-Based architectural image analysis

Architectural applications of computer vision have e-
volved significantly over the past decade. Early work on
achieved architectural style classification of building fa-
cade windows using Support Vector Machines, establis-
hing foundational approaches for computational style rec-
ognition [ 7]. Subsequent research significantly improved
accuracy to 94.5% using Convolutional Neural Networks
(CNNs) for architectural heritage image classification,
demonstrating deep learning’ s superior performance in
recognizing architectural elements such as altars, apses,
bell towers, and columns [ 6].

Building on these classification approaches, further
research advanced the field by demonstrating deep learn-

ing’ s capacity to classify and measure visual similarity
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between different architects’ designs through the eye of
artificial intelligence. Their work showed how Al could i-
dentify subtle stylistic patterns that characterize individual
architects’ work, providing a foundation for understanding
Al’s analytical capabilities in architectural aesthetics [ 8].

Recent research has expanded beyond classification
to analytical applications. Recent research applied deep
neural networks to architectural conceptual design, dem-
onstrating how Al can evaluate existing designs, extract
significant building blocks, and recombine them into novel
compositions. Their work established foundational approa-
ches for Al-assisted design analysis that inform our meth-
odology [ 2].

A comprehensive review of artificial intelligence ap-
plied to conceptual design in architecture, synthesizing
classification, analysis, and generation approaches. Their
framework establishes the theoretical foundation for ap-
plying Al to architectural design research, directly infor-
ming our methodology for analyzing bathroom design aes-
thetics [ 4].

The emergence of multimodal LLMs, marks a para-
digm shift in architectural image analysis. These models
demonstrate capabilities for simultaneous interpretation of
functional and aesthetic characteristics, achieving human-
level understanding in many contexts. However, systematic
application of these capabilities to large-scale architectural
datasets remains unexplored, particularly in residential in-
terior spaces where subjective aesthetic judgments have

traditionally dominated analysis.
1.2 Text mining in architectural research

Text mining applications in architecture have prima-
rily focused on analyzing textual sources to understand
design discourse and user perception patterns. Recent ap-
proaches combining Al-generated descriptions with text a-
nalysis represent a methodological innovation, where Al
serves not merely as an auxiliary tool but as an analytical
instrument capable of consistent, large-scale analysis.

The convergence of Al capabilities in architectural a-
nalysis—as comprehensively reviewed [ 4 ]—with text
mining methodologies forms the foundation of our hybrid
approach. By converting visual information to text through

Al then applying natural language processing techniques,

we can extract quantitative insights from qualitative design

attributes at unprecedented scale.
1.3 Bathroom design studies

Scholarly inquiry into bathroom design reflects its e-
volution from purely functional to culturally significant
space. The foundational work “The Bathroom” [ 5] sys-
tematized ergonomic design principles, establishing met-
rics for functional efficiency that served as the baseline for
bathroom design for decades. This function-first approach
provides the historical reference point against which we
measure contemporary bathroom design’ s evolution to-
ward aesthetic-functional hybridity.

Contemporary research has traced the bathroom’ s
transformation into a space of self-care and identity con-
struction, examining how bathroom renovations reflect
changing lifestyle aspirations and cultural values. Quanti-
tative analyses have typically focused on specific aspects
such as universal design indicators for accessibility or par-
ametric optimization of layouts for spatial efficiency.

However, large-scale analysis of design aesthetics u-
sing Al-driven image analysis, as attempted in this study,
represents an unexplored frontier in bathroom design re-
search. By applying the Al capabilities demonstrated in ar-
chitectural analysis [ 2,8] to this specific spatial typology,
we can systematically examine how contemporary bathro-
oms balance functional requirements with aesthetic aspira-

tions.

2  Methodology

2.1 Research design overview

This study employs a systematic five-phase method-
ology combining Al image analysis with text mining tech-
niques, representing a dual transformation approach: visual
to linguistic, then linguistic to quantitative data. This ap-
proach builds on the AI applications in architecture re-
viewed [ 4] and leverages the vision capabilities of Large
Language Models [ 1,3].

2.2 Data collection and database construction

We collected 1, 500 residential projects containing
bathroom images from ArchDaily’s ‘Houses’ category,

published between January 2015 and December 2024. Se-

http: / www.viserdata.com/journal/jsa
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lection criteria included: (1) residential projects with dedi-

cated bathroom photography, (2)professional architectural

photography (excluding renderings), and (3) complete

metadata availability.

Figure 1 Research methodology flowchart

Geographic distribution was deliberately structured to
capture global trends while acknowledging platform bia-
ses: Americas (40% ), Europe (30%), and Asia-Pacific
(30%). This distribution reflects both ArchDaily” s user
base and global architectural production patterns. For each
project, we collected: representative bathroom image(s),
project name, architect/firm, geographic location, comple-
tion year, and total floor area. Data was stored in a Post-
greSQL database with image files linked via UUID refer-

ences.
2.3 Al image analysis protocol

We utilized Anthropic’s Claude API (claude-3-haiku-
20240307) for image analysis, selected based on the tech-
nical specifications and vision capabilities documented in
the Claude 3 Technical Report [ 1]. The model’s multimo-
dal capabilities, as analyzed in the context of artificial
general intelligence emergence [ 3], provided the founda-
tion for consistent architectural description generation.
Two distinct prompts were applied to each image:

Prompt 1 (object identification), describe all objects
visible in this bathroom image. List each item you can i-
dentify, including fixtures, furniture, materials, and deco-

rative elements.
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Prompt 2 (design characterization), describe the inte-
rior design characteristics of this bathroom. Focus on
style, atmosphere, color scheme, materials, lighting, and o-
verall aesthetic qualities.

API responses were parsed in JSON format and
stored with timestamps and version tracking. Quality con-
trol involved manual verification of 150 randomly selected
responses (10% sample), achieving 96% adequacy rating

for relevant content extraction.
2.4 Text processing and classification

Al-generated texts underwent systematic preprocess-
ing using R and the KoNLP package for Korean natural
language processing:

Morphological analysis, Extracted nouns and adjec-
tives of two or more characters using extractNoun() and
SimplePos09 functions.

Stopword removal, Developed a domain-specific dic-
tionary of 220 stopwords including morphological errors
(e.g., “image’, ‘visible’) and generic terms (e.g., ‘ pro-

?, ‘component’) that added no analytical val-

vide’, ‘use
ue.
Synonym consolidation, Merged semantically equiva-

lent terms (e.g., ‘wash basin’/‘sink’, ‘grey’/‘ gray’) u-
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sing a manually curated synonym dictionary.

Noun classification, categorized extracted nouns into
two distinct classes based on physical tangibility.

Material nouns, physical objects or materials that can
be touched (e.g., ‘sink’, “tile’, ‘mirror’).

Abstract nouns, concepts, attributes, or qualities with-
out physical form (e.g., ‘design’, ‘luxury’, ‘comfort”).

This classification enabled analysis of the balance be-
tween functional and aesthetic descriptors in bathroom de-
sign language, directly testing the evolution from the func-
tion-first approach [5].

2.5 Quantitative analysis methods

We performed comprehensive statistical analyses in-
cluding:

Frequency Analysis, calculated occurrence frequen-
cies for all nouns and adjectives, identifying dominant de-
sign vocabulary.

Co-occurrence Analysis, examined pairwise relation-
ships between adjectives and nouns to understand design
attribute associations.

Temporal trend analysis, applied moving averages
and regression analysis to identify design evolution pat-
terns.

Geographic comparison, conducted ANOVA and
post-hoc tests to identify regional design preferences (sig-
nificance level: p < 0.05).

Balance score calculation, developed a metric to
quantify the ratio between material and abstract descrip-

tors.
2.6 Topic Modeling Implementation

Latent Dirichlet Allocation (LDA) was applied to i-
dentify underlying design themes, following approaches
used in architectural style analysis [ 8]. Model optimiza-
tion involved:

Parameter tuning, tested topic numbers K = 4
through K = 12, evaluating perplexity (lower is better) and
coherence scores (C_v measure, higher is better).

Optimal selection, determined K= 6 as optimal based
on interpretability and statistical metrics (coherence score:
0.52).

Topic labeling, named topics based on top 10 key-

words per topic, validated through expert review.
Temporal analysis, tracked topic prevalence changes

across time periods to identify trend shifts.

3 Results and analysis

3.1 Dataset characteristics and spatiotemporal distribution

The final dataset comprises 1,500 bathroom projects
with 16 variables (8 metadata, 2 Al-generated texts, 6 de-
rived metrics). Al-generated text showed 100% complete-
ness with average lengths of 127 words (Object prompt)
and 93 words (Design prompt).

Temporal distribution and pandemic impact, analysis
revealed significant temporal clustering, with 71% of pro-
jects concentrated between 2019-2022, peaking in 2021
(290 projects, 19.3% ). This surge reflects pandemic-driven
priorities, providing a unique window into COVID-era de-
sign preferences, though limiting long-term trend analysis
(Figure 2a).

Geographic bias and cultural representation, geo-
graphic distribution revealed expected Western-centric bi-
as: Europe (33.1% ) and Americas (28.4% ) dominated with
61.5% combined representation. Asia (23.4% ) showed
growing presence, while Oceania (11.9%) and Africa
(1.2% ) remained underrepresented. This bias reflects both
ArchDaily’s audience and global architectural media pro-
duction patterns, suggesting findings primarily represent
Western and developed Asian markets (Figure 2b).

Project scale analysis, floor area distribution exhibi-
ted extreme positive skewness (mean: 1,102 m’, median:
280 m?), indicating influence of luxury outliers. Temporal
analysis revealed intriguing patterns:

(1) 2016-2020: Preference for larger projects (mean
1,532 m?®), reflecting pre-pandemic luxury residential boom.

(2) 2021-2025: Shift toward compact housing (mean
492 m*), suggesting pandemic-influenced priorities toward
efficiency and sustainability.

Regional variations in project scale reflected cultural and
economic contexts. Japan demonstrated remarkable homogenei-
ty (mean= 154 m’, median= 130 m’, SD= 48 m’), embod-
ying compact living culture. Australia showed extreme va-
riance (mean 3,466 m’, median 300 m?®), indicating polar-

ized market between modest homes and luxury estates.

http: / www.viserdata.com/journal/jsa
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Figure 2 Spatiotemporal distribution (n=1,500). (a) Annual projects with 3-year average. (b) Continental distribution

Figure 3  Area distribution histogram with regional overlays (excluding top/bottom 5% )

3.2 Bathroom components: The Material-abstract balance

After data cleaning and validation, 1,492 records (99.5%
of the original 1,500) were deemed suitable for analysis. From
these 1,492 valid records, we extracted 1,366 unique nouns ap-

pearing 36,990 times total. After excluding compound terms
and proper nouns (6,299 occurrences, 17.0%), classification of
the remaining 30,691 occurrences revealed significant insight
into contemporary bathroom conceptualization:

The 1: 1 Balance principle, material nouns (185 u-
nique, 15,728 occurrences, 42.5% ) and abstract nouns (188
unique, 14,963 occurrences, 40.5% ) demonstrated near-
perfect balance. Individual descriptions averaged 10.5 ma-

terial nouns and 10.1 abstract nouns, confirming equal at-
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tention to physical components and design attributes. This
near-perfect 1: 1 ratio (42.5% vs 40.5% ) provides quanti-
tative evidence that bathrooms have transcended pure
functionality to become spaces of aesthetic expression,
supporting the proposition that contemporary bathrooms
serve as sites of identity construction.

Material noun hierarchy, top material nouns revealed
clear functional hierarchy:

Essential fixtures, sink (1,044), mirror (620), toilet
(498).

Finishing materials, tile (891), wood (601), stone
(456).

Structural elements, wall (794), floor (623), ceiling
(387).

Ambience creators, lighting (752), window (751),
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plant (340). biophilic design, reflecting growing wellness priorities in
The high frequency of ‘window’ (751) and ‘plant’ residential design. This represents a shift from the func-

(340) signals contemporary emphasis on natural light and tion-first approach [ 5] to holistic environmental design.

Figure 4 Top 15 material nouns-hierarchical bar chart and word cloud

Abstract noun patterns, Abstract nouns revealed design (3) Sensory descriptors, texture (423), atmosphere
language standardization: (387), warmth (234).

(1) Conceptual dominance, design (999), frame (711), The overwhelming dominance of achromatic colors
material (697), installation (691). (white/gray/black: 1,815 combined mentions vs. all chromatic

(2) Color hegemony, white (650), gray (630), black colors: 823) indicates significant standardization in contempo-
(535)—achromatic palette accounting for 68% of color rary bathroom aesthetics, possibly driven by global design

mentions. media influence and resale value considerations.

Figure 5 Top 15 abstract nouns-hierarchical bar chart and word cloud

3.3 Design language: “Sophisticated modern minimalism” The Sophistication Paradigm: ‘Sophisticated” (1,476

Adjective analysis revealed the establishment of a occurrences) exceeded “modern” (911) by 62%, contrary

dominant design vernacular. From 11,407 total adjective to common assumptions about contemporary design prior-

occurrences (82 unique terms), the distribution followed ities. This suggests evolution beyond mere modernism to-

the Pareto principle, with the top 10 terms accounting for ward refined, nuanced aesthetics. The adjective hierarchy-

65% of all occurrences. sophisticated> modern> clean> minimal> elegant-defines

http: / www.viserdata.com/journal/jsa
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what we term “Sophisticated Modern Minimalism” as the

prevailing bathroom design language.

Figure 6 Adjective frequency word cloud with sophistication emphasis

Categorical analysis of spatial attributes, classifica-
tion into 10 attribute categories revealed design priorities:

Style (22.3%) and cleanliness (19.0% ): Core axes
forming 41.3% of descriptions.

Luxury (14.5%) and color (11.0% ): Key differentia-
tors in competitive market.

Functionality (3.94% ): Lowest frequency, sugges-

ting functionality as implicit baseline rather than differen-
tiator.

This distribution indicates that in contemporary dis-
course, bathrooms are presumed functional; differentiation
occurs through style and experience. This represents a sig-
nificant departure from mid-20th century priorities where

function was the primary consideration.

Figure 7 Spatial characteristic distribution with temporal overlay

Temporal evolution of design priorities, time-series
analysis (2015-2024) revealed remarkable stability rather
than dramatic shifts:

‘Modern’ category, dominant and stable at 31%-
34% throughout the period.

‘Cleanliness’, consistently maintained at 25% -27%,
unaffected by pandemic.

‘Luxury’ category, minor fluctuations around 19% -

21% (+ 2 percentage points).

http: / www.viserdata.com/journal/jsa

‘ Brightness ’, gradual decline from 15%-11% (-4
percentage points).

‘Nature-related’, minimal presence at 6% -8% , with
negligible COVID-19 impact.

These patterns indicate a consolidation of minimalist aes-
thetics as the dominant paradigm, with pandemic effects proving
insignificant (< 2% change across all categories). The stability
suggests bathroom design preferences are driven by long-term

cultural shifts rather than sudden external disruptions.
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Figure 8 Design trend evolution with COVID-19 marker

3.4 Latent design themes through topic modeling

LDA analysis revealed six coherent design themes,
each representing distinct aesthetic approaches:

Luxury modern (18.2% ), marble, luxury, sophisticat-
ed, gold, chandelier.

* Represents premium market segment emphasizing
material opulence.

* Associated with largest project sizes (median 412 m?).

Nature-friendly (17.7% ), wood, natural, plant, warm,
organic, beige.

* Embodies biophilic design principles and wellness
orientation.

* Represents 17.7% of topics in LDA modeling,
while temporal frequency analysis shows stable presence
at 6% -8% of actual descriptions across the study period.

Functional vanity space (17.0%), sink, mirror, stor-
age, cabinet, practical.

* Focuses on utilitarian efficiency and organization.

* Popular in smaller projects (median 238 m?).

Lighting & open-concept (14.4% ), window, skylight,
natural-light, spacious, airy.

* Emphasizes spatial perception and connection to
exterior.

* Strongly associated with contemporary architecture.

Industrial (15.6% ), concrete, metal, exposed, raw,
black, urban.

* Represents alternative aesthetic challenging main-

stream minimalism.

* Shows regional concentration in urban markets.

Minimalism (17.0% ), white, clean, simple, zen, uncluttered.

* Classic modernist approach remaining consistently
popular.

* Highest in European markets (21.1%).

34.1 Temporal dynamics and COVID-19 impact

The relatively even distribution (14.4%-18.2%) sug-
gests contemporary bathroom design as pluralistic field.
Topic distribution remained stable throughout 2015-2024,
with all themes showing < 3% variation despite pandemic
disruption. This stability indicates bathroom design aes-
thetics are governed by longer-term cultural preferences

rather than external shocks.
3.42 Regional design cultures

Continental analysis revealed distinct cultural prefer-
ences:

Asia, luxury (22.8% ) + Nature-Friendly (21.5% )-
material richness with natural elements.

Americas, similar to Asia but more balanced distribu-
tion.

Europe, hygiene/cleanliness (21.1%) + Minimalism
(18.9% )-functional pragmatism.

Oceania, lighting/Open (24.3% )-indoor-outdoor con-
nection.

These patterns reflect deep cultural values: Asian
markets balancing prosperity display with harmony princi-
ples, European emphasis on practical sustainability, and O-

ceanic integration with landscape.

http: / www.viserdata.com/journal/jsa
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Figure 9 Topic distribution pie chart (n=1,492)

Figure 10 Regional topic preferences

4 Discussion

4.1 Key findings and theoretical implications

This research provides empirical evidence for several
theoretical propositions about contemporary bathroom de-
sign:

From function to experience, the near-equal balance
of material to abstract nouns (42.5% vs 40.5% ) quantita-
tively validates bathroom’s evolution from purely func-
tional space to experiential environment. This empirical
finding supports the conceptual shift from the function-
first approach [ 5] to contemporary bathrooms as spaces of
self-construction, where identity and wellness aspirations
materialize through design choices. The dominance of
‘ sophisticated” over ‘modern’ suggests users seek not

just contemporary aesthetics but refined, culturally reso-
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nant experiences.

&

Standardized pluralism, while “sophisticated modern
minimalism” emerges as standard language, the even dis-
tribution of six design themes reveals paradoxical stand-
ardized pluralism. This pattern reflects the influence of
global design media—as observed in architectural Al
studies [ 2,4 —creating common vocabulary while allo-
wing diverse interpretations within that framework.
Stability despite crisis, contrary to expectations, bathroom
design aesthetic preferences showed remarkable stability during
COVID-19, with all style categories showing < 2% variation.
The nature-friendly theme, while comprising 17.7% of the
LDA topic distribution, maintained a consistent 6% -8%
frequency in actual bathroom descriptions throughout the
period, demonstrating that its prominence as a latent topic
did not translate to increased adoption during the pandem-

ic. This stability suggests bathroom design aesthetics are
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governed by long-term cultural preferences rather than ex-
ternal shocks.

Design democracy limitations, despite democratizing
trends in design media, correlation between certain themes
and project size reveals persistent exclusivity. Luxury
Modern and Lighting/Open concepts remain spatially con-
strained, suggesting class-based design stratification per-
sists despite aesthetic democratization, a pattern consistent
with broader observations in architectural design research
[4].

4.2 Methodological contributions and validation

The dual transformation methodology-visual to lin-
guistic to quantitative-opens new research possibilities:

Consistency and scale, Al-generated descriptions a-
chieved 96% adequacy with perfect completeness, sur-
passing human analysis limitations. This validates the vi-
sion capabilities documented in recent LLM research [ 1,3 ]
for architectural applications. The ability to maintain con-
sistent analytical standards across 1,500 cases exceeds pre-
vious studies by an order of magnitude, demonstrating the
scalability potential identified [4].

Discovery science validation, topic modeling revealed
patterns invisible to traditional analysis. The nature-
friendly surge and regional design cultures emerged from
data rather than predetermined hypotheses, validating dis-
covery science approaches in architecture consistent with
inductive methodologies in computational design research
[8].

Reproducibility framework, by documenting prompts,
preprocessing steps, and classification criteria, we estab-
lish reproducible protocol for future studies. This addres-
ses critical reproducibility crisis in architectural research
where subjective interpretation typically dominates, exten-
ding the systematic approaches demonstrated in heritage

classification and style recognition [ 6-8].
4.3 Limitations and future directions

Several limitations warrant acknowledgment:

Platform bias, archDaily’ s curatorial process favors
professionally photographed, architecturally significant
projects, potentially overstating luxury and sophistication
prevalence. Cross-platform validation using real estate

listings or social media could provide broader market rep-

resentation.

Temporal concentration, data clustering around 2020-
2021 provides pandemic snapshot but limits long-term
trend analysis. Longitudinal studies spanning decades
could reveal cyclical patterns versus permanent shifts.

Spatial resolution, using total floor area rather than
bathroom-specific dimensions introduces noise. Future re-
search should develop methods for extracting room-specif-
ic areas from architectural documentation, potentially u-
sing the spatial understanding capabilities demonstrated in
recent Al research [2].

Cultural representation, western-centric bias (61.5%)
limits global applicability. Targeted data collection from
underrepresented regions could reveal alternative design
paradigms beyond those captured in current Al training
data [1].

4.4 Practical implications

For design practitioners and industry stakeholders,
findings offer actionable insights:

Product development, the material-abstract balance
indicates equal importance of functional performance and
aesthetic experience. Product designers should consider
sensory and emotional attributes alongside technical speci-
fications. The sink’s prominence as most frequent object
(1,044 mentions) suggests prioritizing this as visual focal
point in bathroom design compositions.

Market segmentation, six distinct themes provide
framework for targeted product lines and marketing strate-
gies. The nature-friendly theme’s dual presence—17.7%
weight in topic modeling yet stable 6% -8% frequency in
actual descriptions—suggests a latent market opportunity:
while strongly defined as a design approach, it remains
underutilized in practice.

Regional customization, significant continental varia-
tions indicate need for localized strategies. European em-
phasis on Minimalism (18.9% ) versus Asian preference for
Luxury (22.8% ) requires differentiated approaches despite
global standardization trends.

Sustainability integration, nature-friendly theme’ s
growth suggests sustainability messaging resonates when
combined with wellness and aesthetic benefits rather than
purely environmental arguments, reflecting holistic design

approaches in contemporary architectural practice.

http: / www.viserdata.com/journal/jsa
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Conclusion

This study systematically analyzed design character-
istics of 1,500 contemporary residential bathrooms using
Al visual recognition and text mining, revealing multiple
layers of insight into contemporary design culture. The re-
search makes three primary contributions:

Methodological innovation, the dual transformation
methodology combining Al image recognition with text min-
ing overcomes traditional limitations of subjective interpreta-
tion in architectural analysis. By converting visual information
to linguistic data, then to quantitative metrics, we establish re-
producible protocol for large-scale design research. The 96%
adequacy rate and perfect completeness validate Al as a reliable
analytical instrument, building on the capabilities demonstrated
in recent LLM research [ 1,3] and extending applications
shown in architectural Al studies [ 2,4].

Empirical evidence, we empirically demonstrated contem-
porary bathroom design’s evolution from functional to experi-
ential spaces through the near-equal balance of material and
abstract nouns (42.5% vs 40.5% ). The emergence of “sophisti-
cated modern minimalism” alongside six coexisting design
themes reveals a standardized pluralism in global design cul-
ture, validating the shift from the function-first paradigm [ 5]
to contemporary multivalent design approaches.

Theoretical extension, applying discovery science ap-
proaches to architectural design validates inductive pattern
discovery in aesthetic domains traditionally dominated by
deductive reasoning. The divergence between topic promi-
nence (e.g., nature-friendly at 17.7% in topics) and actual
frequency (6% -8% in descriptions), combined with stabil-
ity despite pandemic disruptions, provides data-driven evi-
dence for theoretical propositions about latent versus real-
ized design preferences, cultural resilience in aesthetic
choices, and the persistent influence of socioeconomic fac-
tors on spatial decisions. This extends the analytical
frameworks demonstrated in architectural classification re-
search [ 6-8 to interior design analysis.

The methodology presented here extends beyond
bathrooms to any architectural element amenable to visual
documentation. Future research should address identified
limitations through multi-platform validation, extended
temporal coverage, and improved spatial resolution. The

analytical capabilities demonstrated in recent Al research
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[2,8] suggest potential for extending this methodology to
other architectural typologies and design domains.

This research fundamentally demonstrates how archi-
tectural databases—long considered passive repositories of
visual documentation—can be transformed from silent ar-
chives accessible only through manual browsing into ac-
tive resources for systematic knowledge discovery. The
convergence of Al’s visual understanding capabilities [ 1,
3Jand analytical precision [ 2,8] reveals that vast architec-
tural media collections contain untapped empirical insights
about how humanity shapes and inhabits space. As Al ca-
pabilities mature and architectural documentation prolifer-
ates, we stand at the threshold of a new era where the ac-
cumulated visual history of architecture becomes a living
laboratory for understanding the complex interplay be-
tween design, culture, and human experience—transfor-
ming architectural research from an interpretive art into a

data-driven science without sacrificing its humanistic core.
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Appendix A: Al image analysis prompts and implementation

A.1 API implementation code

def analyze image with_claude(image path, prompt):

nim

Analyzes bathroom images using Claude 3 Haiku API.

Parameters:
-image_path: Path to the bathroom image file

-prompt: Structured prompt for analysis

Returns:

-Structured text description of bathroom features
api_key= os.getenv('ANTHROPIC_API KEY")
# -+ API key validation ---

client= anthropic.Anthropic(api_key= api_key)

# Encode image to base64
with open(image path, 'rb") as image_file:
image bytes= image file.read()

image data= base64.b64encode(image bytes).decode('utf-8'")

# Claude API call
message= client.messages.create(
model= "claude-3-haiku-20240307", # Model specification
max_tokens= 1500, # Maximum token limit
messages= |
{
"role": "user",
"content": [
{"type": "text", "text": prompt}, # Text prompt
{"type" "image", "
"type": "base64",

source" { # Image data

"media_type"™ "image/png",
"data"™: image data

1}

)

return message.content
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A.2 Structured analysis prompt

def get_bathroom_analysis_prompt():
Returns the standardized prompt used for all bathroom image analyses.
The prompt ensures consistent, structured output across all 1,500 images.

nim

return (
!

"Analyze the attached image and provide detailed responses to the following "

"two questions with maximum specificity and comprehensiveness.\ n\ n"

"Format all responses in Markdown with items clearly delineated using lists "
"('» or 1. 2. etc.). Each response should be numbered (1, 2) with descriptive "
"subheadings (e.g., 'Identifiable Objects and Characteristics', "

"Interior Design Features'). Use concise, descriptive statements without "

"formal endings; employ telegraphic style where appropriate.\ n\ n"

"1. Identify and describe all discernible objects in the image with their "
"characteristics in comprehensive detail without redundancy:\ n"
" -Include material composition, color, spatial positioning, functional "

" purpose, design features, and placement rationale for each object.\ n"

"2. Describe the interior design characteristics comprehensively without "
"redundancy:\ n"

" -Address overall ambiance, color palette, spatial configuration, "

" natural/artificial lighting, material harmony, visual focal points, "

" design intent, stylistic elements, and functional considerations.\ n"

" -Present notable features as numbered lists (1. 2. 3. +++) with "

" specific details.\ n"

"While responses need not artificially reach 10 lines, provide rich, "

"non-redundant descriptions that capture all relevant aspects."

http: / www.viserdata.com/journal/jsa
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ABSTRACT: As China is a major carbon-emitting country, low-carbon development in rural areas will play a key role in achieving the national goal
of carbon peaking and neutrality. With the advancement of the rural revitalization strategy, carbon emissions in rural areas have intensified; however,
these areas also demonstrate significant advantages in spatial resources for ecosystem carbon sinks and new energy development. The two national

]

strategies of “carbon neutrality” and “rural revitalization” are intrinsically linked. Therefore, a strategic coupling mechanism combining “carbon
neutrality” and “innovative rural area” should be established. This mechanism aims to promote positive interaction between urban capital, talent,
and technology and the rich ecological carbon sinks and vast spatial resources of the countryside, opening up new pathways for the flow of urban-
rural capital and resources.

Based on this new perspective, and leveraging Guangdong Province’s abundant solar energy resources and vast stock of rural housing, this ar-
ticle explores the technical system, implementation path, and operation mode of rural distributed photovoltaics. The construction of this model is
carried out at five levels. At the level of resource assessment and construction, it emphasizes the comprehensive investigation and evaluation of re-
sources within a certain area (preferably at the county or town level) and establishes coordination between investment companies, multi-disciplinary
teams, villagers, and governments. At the design and implementation level, it proposes combining distributed photovoltaics with the revitalization of
rural landscapes in Guangdong Province to improve rural aesthetics, turning government costs into investments, and converting idle village re-
sources into effective assets. At the commercial operation level, based on clarifying the functions and benefits of all parties, a win-win cooperation
mechanism comprising “village joint-stock company-operating enterprise-government” is constructed, and three business models for the renovation
of rural houses with solar panels have been designed to enhance their market promotion. At the level of operation and maintenance management
(O&M), a rooftop solar energy smart management platform is built to manage the pre-development process, project approval, capital use, and O&M,
promoting efficient management.

Furthermore, based on the construction of photovoltaic sun pavilions for rural houses, this paper further proposes a variety of models combi-
ning distributed photovoltaics with traditional rural construction and agriculture. It also puts forward ideas for the construction of a rural energy

system featuring “source-grid-load-storage integration,” to promote the iterative upgrading of power generation technology and the combined utili-
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zation of resources in rural production and living spaces. Finally, this article proposes an extended reflection on the model of “Innovative Carbon-

Neutral Rural Area”. It is a comprehensive concept that requires the comprehensive transformation and development of rural space, economy, and

society in harmony with the environment, aiming to build a rural area developed with environmentally-friendly principles. Economically, it promotes

the assetization of ecological resources and creates a new model of rural green industry and finance. Socially, it focuses on low-carbon production

and lifestyle, establishing a new mechanism for smart and modern ecological governance.

KEYWORDS: rural revitalization; carbon neutrality; rural distributed photovoltaic construction model; Innovative Carbon-Neutral Rural Area

Introduction

The increasing concentration of greenhouse gases,
such as carbon dioxide, has intensified the greenhouse
effect, leading to global warming and a higher frequency
of extreme weather events. These changes exert irreversi-
ble and severe impacts on human production,living, and e-
cosystems [ 1]. In his important speech at the ninth meet-
ing of the Central Financial and Economic Affairs Com-
mission, General Secretary Xi Jinping pointed out that car-
bon peaking and carbon neutrality should be incorporated
into the overall layout of ecological civilization, signifying
a broad and profound systemic socio-economic transfor-
mation [ 2]. The trend of low-carbon consumption driven
by ecological economics, which emphasizes returning to
nature, is providing a vast market and impetus for the de-
velopment of China’s rural ecological economy [3]. How-
ever, China has long exhibited a tendency to prioritize cities o-
ver rural areas (a phenomenon known as “urban bias”). Deci-
sion-makers have predominantly focused low-carbon economic
development on cities, while rural areas are easily overlooked
[4]. Standing at the new starting point of comprehensively
promoting rural revitalization, we find it even more urgent to
explore the transformation pathways for low-carbon develop-
ment in rural areas, promote the development of rural ecologi-
cal civilization, and help China achieve its carbon neutrality

goal as soon as possible.

1 “Innovative Carbon-Neutral Rural Area”: Compre-
hensive advancement and high integration of the two
major national strategies

1.1 The Challenges and potentials of low-carbon develop-

ment in rural areas

China’s rural land area covers 5.53 million km?, in-
cluding 1.23 million km* of arable land, with a rural popu-

lation of about 577 million. Across such a vast area, the

http: / www.viserdata.com/journal/jsa

total energy demand for rural living and production is
large, widespread, and relatively dispersed [ 5]. In terms of
rural life, in recent years, the per capita energy consump-
tion in rural areas of China has been increasing, with a
growth rate far exceeding that in urban areas, and carbon
emissions have also shown an increasing growth trend.
Regarding rural production, agricultural activities are not
only a major source of greenhouse gas emissions, but also
the sector most vulnerable to climate change [ 6]. As a
major agricultural country, China’s total agricultural car-
bon emissions have consistently been higher than those of
European and American countries. In addition, China’ s
agricultural production mainly relies on the application of
chemical fertilizers and pesticides to achieve the goal of
increasing yields [ 7]. The extensive use of pesticides, ag-
ricultural plastic films, and diesel fuel generates significant
amounts of greenhouse gases—such as carbon dioxide,
methane, and nitrous oxide—while also leading to a grad-
ual decrease of soil organic matter. Evidently, the agricul-
tural production sector holds significant potential for car-
bon emission reduction in the future.

Rural areas are not only an indispensable part of the
nation’ s energy consumption and greenhouse gas emis-
sions, but also an important spatial carrier for ecosystem
carbon sinks and new energy development. In terms of e-
cosystem carbon sinks, if the soil organic matter of the
country’s 120 million hectares of farmland increases by
1%0, it can net absorb 3 billion tons of CO, from the at-
mosphere. Additionally, with a national forest area of 208
million hectares, the total carbon storage can reach 8.427
billion tons. If these vast carbon sink resources in rural ar-
eas can be effectively managed, they can be increased at a
low cost, making a significant contribution to reducing
greenhouse gas emissions. Regarding new energy develop-

ment, biomass energy, solar energy, wind energy, and other
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renewable energy sources are decentralized and relatively
evenly distributed energy sources compared to traditional
fossil energy. This characteristic gives rural areas a spatial
resource advantage over cities. With the rapid develop-
ment of new energy technologies such as photovoltaic and
wind power generation, renewable energy is more eco-
nomically viable than ever before [ 8], providing stronger

support for the low-carbon transformation of rural areas.

1.2 The Significance and value of integrating the rural revital-

ization strategy with the carbon neutrality strategy

Green and low-carbon development is the endoge-
nous driving force and inevitable requirement for high-
quality rural revitalization, and the emission reduction po-
tential inherent in rural areas can be effectively stimulated
through rural revitalization.

Key documents, such as the Strategic Plan for Rural Revi-
talization (2018-2022) and the No. I Central Document of 2021
(i.e, Opinions of the CPC Central Committee and the State
Council on Comprehensively Promoting Rural Revitalization
and Accelerating the Modernization of Agriculture and Rural
Areas), have put forward specific requirements for the con-
struction of modern rural energy systems, industrial upgrading,
ecological protection and restoration, and the cultivation of
low-carbon living concepts.

The concept of carbon neutrality presents both op-
portunities and challenges for rural development. Achie-
ving carbon neutrality means a broad and profound trans-
formation of the energy, socio-economic, and technologi-
cal systems. In the energy system, the main approach is to
promote the clean and efficient transformation of energy
production and supply, while effectively integrating new
energy sources with digital and intelligent technologies
[9]. In the socio-economic system, the core lies in impro-
ving market mechanisms such as carbon trading and car-
bon emission taxes, and perfecting relevant carbon regula-
tory systems to open up new channels for the flow of cap-
ital and resources between urban and rural areas. In the
technology system, the focus is on the innovative develop-
ment of technologies such as nature-based negative emis-
sion technologies, sustainable agricultural development
technologies, and carbon sequestration technologies.

Focusing on issues such as inefficient energy structure,

outdated energy facilities, underutilization of resources, severe
pollution and low added value in agricultural production, and
the lagging development of the rural financial system, a cou-
pling mechanism of the rural revitalization strategy and the car-
bon neutrality strategy should be constructed (Figure 1). By or-
ganically integrating elements such as new energy, new institu-
tions, and new technologies, this mechanism promotes a posi-
tive interaction of urban capital, talent, and technology with the
abundant ecological carbon sink resources and vast spatial re-
sources of rural areas. This approach opens up new pathways
for the flow of urban-rural capital and resources, driving rural
areas to transcend the traditional low-quality, high-pollution
development model and transition towards resource efficiency,

increased farmer income, and environmental friendliness.

2 Exploration of a new model for guangdong rural dis-
tributed photovoltaic construction from a new per-

spective

Based on the Kaya Identity Theory, improving energy
efficiency in rural production and living, optimizing the
energy structure, and reducing the carbon intensity of en-
ergy consumption are critical pathways for building a low-
carbon countryside[ 10]. Among these, developing clean
energy stands out as the core pathway. Rural areas possess
abundant renewable energy resources, such as wind, solar,
hydro, biomass, and geothermal energy. These resources
should be effectively developed and utilized based on the
resource endowments of rural “production-living-ecologi-
cal” spaces. Under the “Innovative Carbon-Neutral Rural
Area” perspective, rural areas in Guangdong should specific-
ally tailor the construction of new energy systems to local con-
ditions, promote the modernization and upgrading of industries,
foster a new low-carbon economy, and facilitate the low-carbon
transformation of rural production and lifestyles.

Exploringa new model for rural distributed photovol-
taic construction based on Guangdong’s own resource en-
dowment is one of the essential approaches to building a
modern rural energy system in Guangdong. However, un-
like those “photovoltaic poverty alleviation” projects that
rely on government financial subsidies, in order to achieve
widespread, large-scale construction and operation of dis-
tributed photovoltaics in rural areas, a comprehensive sur-

vey and assessment of resources within a certain area

http: / www.viserdata.com/journal/jsa
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(preferably at the county or town level) is required. This
should be combined with relevant urban and rural devel-
opment plans to conduct scientific spatial layout and inte-
grated design. At the same time, enterprises with long-term

operational capabilities should be introduced to invest in

construction in a manner that conforms to market rules,
and relevant government financial funds should be used
rationally. This will enable a multi-party, long-term win-
win situation through a platform that links government,

enterprises, villages, and professional teams.

Figure 1 Strategic coupling mechanism of “Innovative Carbon-Neutral Rural Area”

In conjunction with the comprehensive improvement of
rural housing appearance currently underway in Guangdong
Province, the author and the research team utilized the vast
number of existing rural housing rooftops to construct distribu-
ted PV systems. We explored the scientific technologies, imple-
mentation pathways, and operation models of “rural rooftop
distributed photovoltaics” from multiple dimensions, achieving
significant results. In addition, the author and research team
took the development and construction of rooftop distributed
photovoltaics as a starting point to further explore the develop-
ment of rural composite distributed photovoltaics and the con-

struction of rural new energy systems.

2.1 The Practical significance of constructing composite

photovoltaic systems for Guangdong

2.1.1 Land resources in Guangdong are scarce and lack
the geographical conditions for large-scale single-
function photovoltaic development

From 2015 to 2020, both electricity consumption and

generation in Guangdong Province continued to grow; howev-

http: / www.viserdata.com/journal/jsa

er, the local power supply remained severely insufficient (Fig-
ure 2). With the development and construction of the Guang-
dong-Hong Kong-Macao Greater Bay Area, the power gap in
Guangdong Province will further expand, while also providing
support for the vigorous development of new energy sources.
Guangdong Province is located in the East Asian monsoon region
and has abundant light and heat resources, making it suitable for
solar energy development. However, due to the scarcity of land
resources, the province lacks the geographical conditions for de-
veloping large-scale single-function photovoltaic plants. There-
fore, it is essential to utilize existing rooftop spaces of build-
ings—such as rural housing and public buildings—as well as
production spaces involving agriculture, forestry, animal husband-
ry, and fishery to construct composite PV systems.
2.1.2  The Vast stock of rural houses is an ideal carrier for
distributed photovoltaics
Guangdong Province possesses over 20 million rural

houses. Calculated at a roof area of 80-100 m* per house,

the total rural rooftop area exceeds 1.6 billion m*.Although
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these rural houses are scattered across vast rural areas,
they have similar heights and minimal mutual shading.
Moreover, their property rights are clear, making them ide-
al carriers for the construction of distributed rooftop pho-
tovoltaic systems, from both technical and managerial-op-
erational perspectives. Moreover, most of these houses
were built after the 1990s and are unlikely to be recon-
structed within the next 20 to 30 years (aligning with the
lifecycle of photovoltaic systems). Furthermore, the era of
large-scale new rural housing construction in Guangdong

has passed. Therefore, exploring the construction of dis-

tributed photovoltaic systems on the stock of existing rural
housing is a direct and effective pathway to restructure the
rural new energy system in the context of the “Innovative
Carbon-Neutral Rural Area.” It will also contribute signif-
icantly to energy saving and emission reduction in rural
buildings. This initiative coincides with the National Ener-
gy Administration’s issuance of the Notice on Submitting
Pilot Schemes for Whole-County Promotion of Household
and Distributed Rooffop Photovoltaic Development, provi-
ding stronger policy support for the development of dis-

tributed photovoltaics in the rural new energy sector.

Figure 2 Statistical diagram of annual electricity consumption and power generation in Guangdong Province from 2015 to 2020

2.1.3 The ongoing renovation of rural housing appear-
ance provides a good opportunity for the large-

scale construction of rooftop photovoltaic systems

In 2020, Guangdong Province released the Guiding
Opinions of the People’ s Government of Guangdong
Province on Comprehensively Promoting Rural Housing
Control and Rural Appearance Improvement. The docu-
ment identifies rural housing control and appearance im-
provement as inevitable requirements and crucial levers
for implementing the provincial rural revitalization strate-
gy and strengthening rural governance.

Consequently, the renovation and beautification of the ex-
teriors of Guangdong’ s distinctive “ matchbox-style” rural
houses have become the top priority for restoring and upgra-
ding rural landscapes (Figure 3). In recent years, significant ef-
forts and substantial public fiscal funds have been invested
across the province to renovate and beautify the external walls
and roofs of rural houses. Constructing distributed rooftop PV
systems that integrate aesthetic design with power generation
benefits is an effective pathway to prevent “dressing up” reno-

vations from becoming superficial “vanity projects.” Crucially,

it transforms government “expense-based inputs” into “asset-
based investments” and converts rural “idle resources” into

“effective assets.”

Figure 3 Numerous “matchbox” style farmhouses are a key focus of

rural landscape improvement

2.2 Integrated design and application of distributed photovol-

taics combined with rural landscape improvement

2.2.1 Providing a “beautiful, practical, and safe hat” for
rural houses

The roof is an important component of a building,

and its form is an important carrier for inheriting tradi-

tional culture and regional characteristics. In terms of the

aesthetic effect of rural landscape, visible sloping roofs are

http: / www.viserdata.com/journal/jsa
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more effective in beautifying the environment. Previously,
when adding sloping roofs to rural houses in Guangdong,
most projects used resin tiles to create “fake sloping

roofs”. These were not only impractical but also problem-

atic due to limited funds and a lack of targeted design for
rural housing. Consequently, most of these “hats” were
aesthetically unpleasing and posed safety risks, such as be-

ing easily blown off by strong winds (Figure 4).

Figure 4 The lack of guidance in “flat-to-sloping” roof conversion practices does not yield satisfactory results in aesthetics and safety

In response, the joint research team combined the
technical requirements of rooftop photovoltaics with the
design needs of architectural appearance to develop the
“Photovoltaic Sun Pavilion for Rural Housing Renova-
tion” (Patent No.: ZL202030807781.1). This innovation ef-
fectively puts an “aesthetic, practical, and safe” hat on ru-
ral houses. Its characteristics are reflected in the following
five aspects:

(1) Aesthetics. Compared to conventional photovolta-
ic greenhouses and metal sheet sheds built privately by
farmers, photovoltaic sun pavilions are highly integrated
with the overall appearance of farmhouses, resulting in
higher aesthetic value. They also possess local rural char-
acteristics, comply with farmhouse management require-
ments, and do not pose a risk of unauthorized construc-
tion.

(2) Practicality. Combining the functions of a photo-
voltaic greenhouse and a sun pavilion, it not only gener-
ates electricity but also provides farmers with more cov-
ered activity space on the roof. In addition, the sun pavil-
ion provides heat insulation and ventilation for the interi-
or, improves the comfort of the top floor space, and re-
duces energy consumption, which is in line with the prac-
tice of energy-saving renovation for existing buildings in
Guangdong.

(3) Safety. Photovoltaic module technology is safe

and mature. The entire process of the photovoltaic sun-
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shine pavilion—from design and drafting to construc-
tion—is strictly supervised by relevant professionals. At
the same time, it is necessary to provide villagers and ma-
intenance workers with easy-to-understand knowledge,
precautions, emergency measures, etc., so that villagers can
consciously maintain and use the equipment safely.

(4) Replicability. Guangdong has a stock of rural
houses, and photovoltaic sun pavilions have the potential
to be promoted and applied on a large scale. From a cost
control perspective, modular R&D enables the productiza-
tion and mass production of sun pavilions, transforming
them from single-project construction into market behav-
ior.

(5) Carbon reduction and energy security. Photovolta-
ic sun pavilions provide clean energy for rural areas, ef-
fectively contributing to rural carbon emission reduction.
If the pavilion is promoted on a centralized scale—taking
20,000 households as an example—it would be equivalent
to constructing a PV power station with a capacity of 200
MW. Taking the western Guangdong region as an example,
where the average effective annual irradiation hours are 1,100
hours/year, the power generation would reach as high as 2.2°X
10* kWh. Since coal-fired power generation emits approximate-
ly 0.997 kg of CO, per kWh, 22X 10* kWh of electricity is e-
quivalent to reducing CO, emissions by at least 200,000 tons
annually. This volume is equivalent to the power generation of

a thermal power plant occupying 10 hectares, yet the photovol-
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taic sun pavilions utilize idle rural rooftops without occupying

additional land resources.

2.2.2 Design practice of rural house renovation based on

photovoltaic sun pavilions

One of the pilot sites for the photovoltaic sun pavil-
ions was selected at the Splendid 100-Li Demonstration
Section for Rural Revitalization in Fenjie Town, Gaozhou,
Maoming City, possessing significant demonstration value.
With the assistance of the government and the village,
farmers in the demonstration section actively signed up to
participate and were willing to provide the roofs of their
farmhouses for the first batch of equipment installations.

Through visits and on-site measurements, the roof
styles of farmhouses along the pilot county roads can gen-
erally be divided into two types:Type 1 is where the roof
has only one stair well exit, maximizing the usable roof
area; Type 2 is where a room is added next to the stairwell
leading out onto the roof, with the non-accessible roof are-
a occupying 30% to 50% of the roof area. After reserving
a certain amount of open space on the roof for villagers to
use for drying their laundry, the remaining space is used to
create various types of sun pavilions, including double-
slope, single-slope, and flat-mounted structures, depending
on the available space (see Figure 5), ensuring that each
household has an installed capacity of at least 10 kWp for

photovoltaic modules.

Figure 5 Construction combinations of photovoltaic sun

pavilions for farmhouse renovation

In terms of appearance, the design of the photovoltaic
sun pavilion is combined with the renovation design of ru-
ral houses (Figure 6). Combining local characteristics, the
pilot rural housing renovation design usesa “Longan” col-
or palette (based on the local fruit) as the main theme, with
photovoltaic sun pavilions on the roof. It features uniform
colors for the eaves and farmhouse tiles, uniform beige or
off-white walls, a uniform gray-yellow base, and dark lon-
gan-colored metal panels. Concrete block walls and flower
beds are built in the open space in front of the house, and
movable flower boxes are placed to create a small garden.
The unified design elements of the farmhouses, integrating
the photovoltaic sunshade pavilions with the farmhouses,
will significantly improve the appearance of the demon-

stration section.

Figure 6 Overall design effect of photovoltaic sun pavilions and rural housing facade improvement

Structurally, the photovoltaic sun pavilion’ s support
frame retains the space for movement beneath the pavilion
while employing necessary structural columns for support (Fig-

ure7). To transform the photovoltaic sun pavilion into a semi-

indoor activity space, appropriate grille or railing elements are
added to the design. These provide moderate visual screening,
create semi-private spaces locally, and form a sense of architec-

tural volume from the elevation view.
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Figure 7 Overall construction effect of photovoltaic sun

pavilions and rural housing facade improvement

In terms of materials, all frame materials are made of
lightweight metals, with emphasis on anti-corrosion and
anti-oxidation treatments. The photovoltaic panels use
monocrystalline bifacial double-glass modules to achieve
bifacial power generation, improve power generation effi-
ciency, and increase the light transmittance of the space
under the pavilion. In areas with lower energy efficiency,
the design considers partially removing the backside pow-
er generation function and using colored glass or other
textures instead. This approach enriches the surface texture
and enlivens the atmosphere of the semi-indoor space

(Figure 8).

Figure 8 Texture expression of the space under the photovoltaic sun pavilion

2.3 Establishing a co-construction and win-win develop-
ment and operation model to transform rooftop space

resources into long-term assets

2.3.1 Multi-Party collaborative preliminary development

and construction model

Based on the construction requirements and practical
experience of photovoltaic sun pavilions in rural housing
renovation projects, a model for the large-scale develop-
ment of distributed photovoltaic rooftops in existing rural
housing has been summarized, which involves mutual con-
sultation and assistance between village governments and
investment enterprises, joint coordination among multiple
professional teams, and joint construction by villagers and
village collectives (Figure 9). Its specific model is as fol-
lows:

(1) Confirm villagers’ willingness to install: A pro-
ject team composed of members from the village commit-
tee and the investment company will carry out the work,
explain to village representatives the cooperation required

for rooftop photovoltaic construction and the benefits to

http: / www.viserdata.com/journal/jsa

villagers, encourage villagers to sign up for installation,
and sign agreements with households who have a clear
willingness to install and meet the standards, so as to form
a spatial resource base map for the development of photo-
voltaic projects.

(2) Establish a rural housing screening mechanism:
With safety as the primary criterion, rural houses must
have clear property rights, stable building structure, suffi-
cient roof load-bearing capacity, and no shading from sur-
rounding obstacles or taller buildings. Houses that do not
meet the requirements are excluded from construction.

(3) On-Site design by professional teams: First, the e-
lectrical design engineers will determine the basic struc-
tural framework of the power station and calculate the
power generation efficiency based on factors such as the
orientation of the house, space requirements, and building
area. Subsequently, architectural or exterior design teams
carry out facade improvement designs, integrating local
requirements for rural appearance enhancement.

(4) Coordinate grid connection and upgrades: Under-

stand the network structure and load rate of the medium-
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and high-voltage distribution networks in the correspond-
ing area; strengthen communication with local power sup-
ply bureaus. Prioritize compliance with existing power

grid conditions to determine the scale and construction,

and clarify the access plan; determine the pre-installation
batches based on villagers’ application status, and clarify
the grid connection point, grid upgrading plan, and owner-

ship boundaries.

Figure 9 Multi-entity collaborative preliminary development and construction model

(5) Ensure legal validity and binding force of signed
documents: Based on the needs of all parties and the in-
stalled capacity, the revenue is reasonably distributed. At
the same time, the legal validity of the contract and the
mutual supervision between the villagers and the project
team serve as constraints to ensure the long-term operation

and maintenance of the power station.
232 A Multi-party win-win commercial operation model

Currently, the market-oriented operation model for
distributed photovoltaic systems in rural areas is not yet
mature. The commercial models of existing domestic rural
distributed photovoltaic implementation cases can be cate-
gorized intothe “Poverty alleviation model,” “Loan-based
model,” and “Leasing-based model” (Table 1). The devel-
opment of the PV industry relies heavily on policy drivers.
During the “Photovoltaic Poverty Alleviation” period, the
state formulated generous subsidy policies for distributed
photovoltaic projects. While this stimulated a growth in
installed capacity, the projects became dependent on subsi-
dies to sustain construction, placing immense pressure on
public finance. For farmers, the payback period for inves-
ting in distributed photovoltaic power stations is long,
which can easily lead to financial pressure and an unclear

incentive mechanism. For enterprises, distributed photo-

voltaic power stations are low-profit products and require
a certain scale to be profitable. However, the operational
difficulty of organizing farmers for centralized construc-
tion is significant.

Distinct from traditional business models, this paper
proposes to introduce enterprises with long-term opera-
tional capabilities, invest in construction on a large scale
in a manner that conforms to market rules, make reasona-
ble use of relevant government fiscal funds, build a plat-
form for multi-party collaboration among government, en-
terprises, villages, and professional teams, and clarify the
functions and benefits of each party. Because the rural
houses involved are scattered and numerous, a cooperative
mechanism for centralized management based on village
collectives will be established. The county and township
governments coordinate the establishment of village joint-
stock companies to form a contractual relationship with
project companies on behalf of the village collectives. The
village joint-stock companies are responsible for integra-
ting individual construction applications from villagers
and submitting overall construction applications to the op-
erating enterprises. At the same time, it is responsible for
the maintenance and management of the photovoltaic
power station, obtains operation and maintenance fees, and

increases the income of the village collective. The compa-

http: / www.viserdata.com/journal/jsa



40 YE Hong, CHENG Lu, HE Jiaqi, et al/Journal of South Architecture 1:(2026) 31-44

ny is responsible for investing in the power generation
portion and bearing the overall construction costs, while
also receiving revenue from photovoltaic power genera-
tion. Villagers receive a corresponding rooftop rental fee
each year and enjoy the right to use the pavilion and re-
ceive profit dividends according to their investment ratio.
Local governments can match the scale of investment by
enterprises in completing the renovation of rural houses
with new energy resources, such as photovoltaic and wind

power, to balance the revenue, and provide support in

terms of rewards and incentives, low-interest loans, and fi-
nancing.

By combining the government’ s requirements for
aesthetic appeal, farmers’ needs for rooftop use, and busi-
nesses’ demands for power generation efficiency, the au-
thor and team ultimately developed 3 investment and ben-
efit distribution models (Table 2): Scheme A (Pure power-
Generating / Flat-Mounted), Scheme B (User-Friendly /
Practical Pavilion), and Scheme C (Aesthetic / Demonstra-

tion Pavilion).

Table 1 Business models of distributed photovoltaic implementation cases in rural China

Model Poverty alleviation model Loan-based model Leasing-based model
. . The company provides a full range of . . . .
Construction funds are comprised of gov- . . Individuals submit their photovoltaic power
. . o services for photovoltaic power plants, . . .

ernment funds, social capital, and individ- | . station construction requests to enterprises

. o . . including product development, construc- . .
Construction ual self-financing in certain proportions, . . . through a leasing agreement, while the enter-

) tion, grid connection procedures, and af- . ) ) . .

form and are mostly used for the unified con- prises are responsible for investing in the

struction of rooftops on public service

buildings and new villages.

ter-sales support. It also offers low-inter-
est loans to individuals, forming financial

products.

power station and managing its operation and

maintenance throughout the entire process.

Grid connection

method

The grid connection method will be de-
termined based on the actual conditions
of the power plant. The grid-connected
portion will enjoy photovoltaic feed-in

tariff subsidies.

Primarily, “Self-generation for self-con-
sumption, surplus electricity fed to the
grid,” achieves grid parity and enjoys lo-
cal household photovoltaic subsidy poli-

cies.

Primarily, “Full feed-in to the grid” achieves
grid parity; enterprises do not enjoy house-

hold photovoltaic subsidy policies.

Distribution of

benefits

Rooftop owners receive rent. Revenue is
distributed according to the investment
proportion: allocated as government rural
(poverty alleviation) construction funds,

enterprise investment returns, and indi-

Individuals save on daytime electricity
costs. Income from electricity sales is
used to repay the loan. The payback peri-

od is around 8 years.

Enterprises own the rights to electricity sales
revenue and provide a fixed annual subsidy
(spatial compensation) to individuals based on
installed capacity. Distribution is also based

on the proportion of the individual’s leasing

vidual dividends.

fees.

2.4 Building a full-process intelligent management plat-

form to promote digital ecological governance

The operation and maintenance (O&M) management
of photovoltaic projects is gradually evolving towards an
intelligent platform featuring centralized remote monito-
ring. By integrating high-tech applications such as “Inter-
net+ ,” Big Data, and the Internet of Things (IoT), it is
possible to technically resolve the issues associated with
the traditional O&M model caused by the scattered nature
of distributed photovoltaic projects—namely, their labor-
intensive nature, low efficiency, high costs, and slow deci-
sion-making.

The author and the research team have constructed a
Rooftop Distributed Photovoltaic Intelligent Management
Platform (Figure 10) to conduct full-cycle and full-process
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management—covering preliminary development, project
approval, fund usage, and O&M—for the “Photovoltaic
Sun Pavilions for Rural Housing Renovation”.

* In the early stages of development, a series of data
is collected, including residents’ opinions, the suitability
of rooftop photovoltaic construction for rural houses, and
the current status of rural power grids. Through data con-
solidation, analysis, and entry, a basic database for distrib-
uted photovoltaic construction is established.

* In the project approval process, a corresponding
business processing sub-platform is set up. Villagers can
fill in relevant informationvia the online platform, which
generates a service acceptance form. A professional team
screens the applications through the backend to determine

the feasible project pool, conducts on-site inspections, and
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finally decides on approval.

* Regarding the fund usage, the platform publicly
discloses the funding sources and the allocation of eco-
nomic benefits for different rooftop photovoltaic construc-
tion models, thereby improving the transparency of fund
utilization.

* In terms of operation and maintenance, the plat-

form will continuously collect data from rooftop photovol-

taic modules and detect environmental variables of the sun
pavilions to assess the condition of the photovoltaic mod-
ules. At the same time, it will provide visual feedback on
the power generation efficiency, electricity sales revenue,
and environmental benefits such as carbon emission re-
duction, thereby promoting intelligent decision-making
and efficient management of the entire rural rooftop pho-

tovoltaic process.

Table 2 Three construction models for photovoltaic sun pavilions in farmhouse renovation projects

Specific models for rooftop photovoltaic investment and benefit distribution

Scheme A: Enterprise-Sole-Invested

Rooftop Photovoltaic Project

Scheme B: “Enterprise + Household”

Co-Invested Photovoltaic Sun Pavilion

Scheme C: “Enterprise + Government” Co-Invested

Photovoltaic Sun Pavilion

Investment entities Enterprise

Enterprises and farmers (invest in a

certain proportion)

Enterprise and Government (invest in a certain pro-
portion, or the Government allocates other higher-re-
turn new energy construction resources to the Enter-

prise)

Construction form Flat-Mounted Style

Practical Pavilion Style

(Prioritizing utility)

Aesthetic Demonstration Pavilion Style (Prioritizing

aesthetic and demonstration benefits)

Farmer benefits Rooftop rent

Rooftop rent and usage rights of the

Sun Pavilion

Dividends (based on proportion) and usage rights of

the photovoltaic sun pavilion

Government benefits Fiscal and tax revenue

Fiscal and tax revenue; moderate im-

provement of local appearance

Fiscal and tax revenue; exemplary improvement of

local appearance

Village collective . .
Operation and maintenance revenue
benefits

Operation and maintenance revenue

Operation and maintenance revenue

Construction effect

Figure 10 Smart management platform for distributed rooftop photovoltaic systems
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2.5 Utilizing distributed photovoltaic construction to pro-
mote the iterative upgrading of rural electrification

and comprehensive resource utilization

The development of distributed photovoltaic projects
is mainly limited by factors such as land use type, space
ownership, grid connection, and local power absorption
conditions. Therefore, it is essential to fully respect the re-
source conditions of different regions and make reasonable
use of various available space resources.

In terms of diverse construction forms, in addition to
rooftop photovoltaic systems for rural houses, photovoltaic sys-
tems can also be integrated into traditional rural construction,
such as industrial and commercial rooftops, road systems,
charging piles, public facilities (such as public toilets and
garbage stations), and landscape features (Figurell, 12).
Furthermore, models combining photovoltaic generation
with traditional agriculture are gaining increasing atten-
tion. They are widely applied in production spaces for ag-
riculture, forestry, animal husbandry, and fishery, realizing
models such as agrivoltaics, fishery-solar hybrid systems,
forest-solar hybrid systems, and PV greenhouses. By in-
tegrating with technologies for breeding, irrigation, and
agricultural machinery power, these systems drive the

modernization of agriculture.

Figure 11  Photovoltaic landscape design of liantanghu
village wetland park in Maoming City

Regarding energy system construction, rural areas face
problems such as low power grid carrying capacity, limited
transmission capacity, and dispersed electricity load. Planning
should comprehensively consider the grid architecture and local
absorption levels, rationally layout the scale and connection of
power stations, and coordinate rural energy system construction
with new energy storage models. The author and the research
team are currently conducting research on the “Source-Grid-
Load-Storage Integration” and multi-energy complementary
technology systems for rural new energy. We are exploring op-

eration technologies for multi-level “PV-Storage-Charging In-
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tegrated” energy systems (ranging from Regional to Communi-
ty to Off-grid levels) and summarizing the standardization sys-
tem and policy recommendations for rural distributed PV de-
velopment. Increasing the proportion of green electricity use
can reduce electricity costs and encourage the adoption of in-
door and outdoor appliances and smart home systems. This in-
creases investment in improving the living environment, there-

by shaping low-carbon, livable spaces.

Figure 12 Photovoltaic building-integrated design of the
Changshi Village Talent Station in Shaoguan City

3  Extended reflections on the “Innovative Carbon-

Neutral Rural Area”

The large-scale construction of distributed PV will pro-
mote the transformation of the rural energy structure. From the
perspective of the “Innovative Carbon-Neutral Rural Area,” the
value of rural resources is being cognitively redefined. Its de-
velopment opportunities lie not only in the development of new
energy but also in a comprehensive exploration across spatial,
economic, and social dimensions. In the context of the new era,
“Carbon Neutrality” and “Innovative Rural Area” are not two
independent concepts; rather, they can achieve a high level of
coupling between two major strategies. This article further pro-
poses a new model for rural development - “Innovative Car-
bon-Neutral Rural Area”. The key pathways to its realization

lie in three dimensions: space, economy, and society.

3.1 Spatial dimension: Constructing a rural regional complex
for green development and shaping low-carbon rural “New

production-living-ecological spaces”

“New Rural Construction,” led by rural planning and
design, is the key to shaping low-carbon rural “Produc-

y

tion-Living-Ecological Spaces.” Territorial Spatial Plan-
ning emphasizes the coordinated and efficient utilization
of urban and rural resource elements against the backdrop
of urban-rural integration. The strategic goal of “Carbon

”

Neutrality” essentially poses higher requirements for rural
low-carbon and even negative-carbon development. The

delineation of “Three Control Lines,” as well as rural spa-
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tial layout, industrial planning, energy structure systems, and
ecological conservation and enhancement, should all emphasize
the contribution rural areas can make in the process of “urban-
rural carbon value exchange.” Meanwhile, more refined green
and low-carbon design of rural spaces, buildings, and facilities
is also key to achieving negative carbon contributions in rural
areas. The realization of “Carbon Neutrality” must not be es-
tablished at the cost of hindering economic development. The
purpose of rural revitalization is to achieve “integrated devel-
opment with urban-rural equivalence.” As future criteria for
distinguishing urban and rural areas will lie more in the
“differences in landscape conditions”[ 117, this indicates that
the modes of contribution towards the “Carbon Neutrality”
goal differ between cities and villages. Consequently, the “In-
novative Carbon-Neutral Rural Area” inevitably poses new re-

quirements for rural planning and design.

3.2 Economic dimension: Promoting the assetization of ec-
ological resources and creating new models for rural

green industries and green finance

In order to adapt to the low-carbon development of
rural production and life and the adjustment, optimization
and upgrading of the industrial system, the low-carbon ad-
aptation and innovation of economic models is particularly
important. On the one hand, it can combine existing tech-
nologies with traditional agricultural development; on the
other hand, it can strengthen the branding of rural green
industries. At the same time, from the overall perspective
of low-carbon and sustainable development of the rural e-
conomy, we should establish and improve the rural green
carbon finance system. The rural carbon finance system
mainly includes investment and financing for rural low-
carbon project development and rural carbon trading serv-
ices[ 12]. Investment and financing for rural low-carbon
project development can include providing financial serv-
ices in areas such as green rural housing, clean energy,
green agriculture, and green transportation. Rural carbon
trading services can include forestry and grassland carbon
sink trading, clean energy carbon trading, and low-carbon
agricultural carbon trading. However, given that rural re-
source property rights are relatively scattered, and there is
a lack of institutional mechanisms to sell carbon emission
reductions to the market, an interest-linked carbon trading
mechanism consisting of “Enterprise-Carbon Trading In-
stitution-Rural Professional Cooperative Organization-
Farmer” should be established to broaden the pathways for
rural low-carbon development [ 13].

In this dimension, rural carbon sink trading and the “Car-
bon-neutral New Agriculture” are critical. Carbon sink trading
offers the concept that “lucid waters and lush mountains are in-
valuable assets” with broader and more profound significance.
Furthermore, by adjusting agricultural planting methods and le-
veraging capabilities and management levels in biotechnology,
digital technology, and breeding technology, it is possible to re-
duce carbon emissions across the entire chain of agricultural pro-
duction while simultaneously increasing the yield and output val-
ue of agricultural products. Achieving such “Carbon-Neutral New
Agriculture” further reinforces the significance and value of rural

areas in realizing the strategic goal of carbon neutrality.

3.3 Social dimension: Establishing a new mechanism for
intelligent, law-based, and modernized ecological gov-
ernance in rural areas, focusing on low-carbon pro-

duction and lifestyles

Under the vision of the carbon neutrality goal, rural
governance regarding ecological development—such as
upgrading rural energy structures, structural emission re-
duction in agriculture, and environmental protection and
pollution control—should integrate villagers’ livelihoods
with existing technological levels. It is necessary to for-
mulate scientific and rational management strategies tai-
lored to local conditions [ 14]. Policies and regulations
should be perfected by considering the actual needs of
multiple stakeholders, including villagers, enterprises, and
the government, thereby optimizing the system of co-con-
struction and co-governance by rural multi-stakeholders.
Rural carbon emission regulation and governance should
further utilize digital and intelligent technologies to assist
decision-making and implementation, thereby modernizing
the rural governance system and governance capabilities.

At the same time, it is also necessary to build a new
operating platform that links government, enterprises, vil-
lages, and professional teams to adapt to the marketization
and sustainable development needs of rural areas. The
construction system of the “Innovative Carbon-Neutral
Rural Area” places higher demands on the overall quality
of village officials and villagers. Rural construction re-

”

quires “selecting talent locally,” “gathering talent from
various quarters,” “nurturing talent through practice,” and
“entrusting capable talent with heavy responsibilities,” so
as to break the talent bottleneck in realizing rural revital-
ization[ 15]. A rural talent cultivation platform should be estab-
lished to conduct training and lectures related to the *“Innovative

Carbon-Neutral Rural Area.” This involves cultivating leaders for
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innovation and entrepreneurship in rural modern industries and
providing multi-field thematic training for management cadres at
all levels, villagers, professional technicians, and enterprise per-
sonnel. The goal is to foster a group of grassroots management
talents, vocational technical service providers, and practitioners
who possess new skills and are adapted to the “Innovative Car-
bon-Neutral Rural Area.” At the same time, it is equally impor-
tant to focus on cultivating and enhancing the ecological aware-
ness of cadres at all levels in villages and towns, as well as vil-
lagers, to raise their awareness of low-carbon development and

foster a sustainable consumption concept in villages and towns.
Conclusion

This article focuses on the carbon reduction potential of
rural areas, taking distributed photovoltaic power as a key entry
point, and takes the first step in the research and practice of the
“Innovative Carbon-Neutral Rural Area”. The development of
new energy sources will effectively transform existing rural
space resources into high-quality and long-term ecological as-
sets, continuously bringing benefits to villagers, providing clean
energy for rural areas, and promoting rural electrification. Rural
landscape management and renovation have facilitated the ap-
plication of the building-integrated photovoltaic (BIPV) con-
cept in existing rural housing, while the large-scale construc-
tion trend of distributed photovoltaics highlights the potential
development value of rural space resources, triggering a series
of research needs such as the development, construction, and
commercial operation models of new energy in rural areas, as
well as policy formulation strategies related to rural new energy
development. The “Innovative Carbon-Neutral Rural Area” is a
novel rural development concept that highly integrates the two
major national strategies of Rural Revitalization and “Carbon
Peaking and Carbon Neutrality.” Encompassing multiple fields
such as energy, technology, and carbon finance, it demonstrates
promising prospects for the future of rural areas. However, it
still requires strengthened and continuous research and practice
involving multiple dimensions—spatial, economic, and so-

cial-—as well as the participation of multiple stakeholders.

Sources of Figures and Tables

Figure 2: Created by the authors; data source: BJX Power
Grid (Bei Ji Xing).

Figure 10: Adapted from the Smart Village Management
Platformof Gaozhou City,Maoming.
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All other figures and tables were drawn or photographed

by the authors.
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ABSTRACT: The study of traditional residential courtyards promotes the protection and renovation of traditional residences and enriches the spatial
expression of new residential courtyards. As an organic component of the traditional residence, the courtyard space plays a role in improving, ampli-
fying, and complementing the function of the main building space. This study investigated 63 Huizhou traditional residential courtyards, including
those in Xidi, Hongcun, Nanping and Pingshan. The basic architectural information was first examined, and a field survey was undertaken to dis-
close the relationship between the courtyard and the main building space. The morphological characteristics of the courtyard were described through
five dimensions: area, area ratio, aspect ratio, saturation, and boundary coefficient. Then, the courtyard space was classified through clustering anal-
ysis. Meanwhile, the courtyards’ location and characteristics of elemental organization within different morphological types were considered.

The study shows that the traditional Huizhou courtyards can be classified into four types based on the quantitative clustering characteristics of
spatial morphology, namely: medium-scale square, medium-scale strip, medium-scale irregular, and large-scale complex. Firstly, medium-scale
square courtyards are the most common type, sharing the same proportion and form as the main building space. This type of courtyard offers a sense
of stability and regularity. Moreover, they are typically located in the front and back of the residence. They include stone benches and other elements
arranged with greenery, water, arches, secondary contours, and other elements, enriching the landscape levels and expanding the spatial function.
Secondly, medium-scale strip courtyards mostly appear in large residential groups, which organize people’s routes, depicting the spatial dynamism
and directions. They mainly incorporate structures and arches, sometimes combined with greenery, plaques, stone tables, and openwork windows.
Such structures weaken the sense of enclosure and insecurity generated by the long and narrow space. Thirdly, medium-scale irregular courtyards
present irregular spatial forms in the front and side of the residence due to irregular land conditions and regular main building plans, often serving
as a highlight of the residential space. The configuration of greenery, water, openwork windows, and their mutual combinations is mainly used to
weaken the irregularity of space through spatial remediation and the creation of a visual focus. Finally, large-scale complex courtyards are predomi-
nantly located in backyards and serve as recreational areas and living spaces, enabling people to get close to nature. The configuration of spatial fac-
tors is mainly composed of natural leisure elements, such as water and stone benches. Larger-scale courtyards usually combine with greenery ele-
ments to provide the house owner with a comfortable and private living scene.

The current study clarified the typological characteristics of courtyard spatial forms through clustering analysis. It also discussed the spatial

form and element organization of the traditional Huizhou courtyard. On this basis, the relationships among the courtyard, the building’s main body,
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and the composition and organization of environmental elements were investigated and classified. The research conclusions can provide a theoretical

basis for maintaining traditional residential courtyard forms and preserving their authenticity, as well as a reference for creating new residential

courtyard spaces in Huizhou.

KEYWORDS: Huizhou traditional residence; courtyard; clustering analysis; morphological quantification; elements

Introduction

As an organic component of Huizhou traditional resi-
dences [ 1], the courtyard space is characterized by being
“formed based on the site, adapted to the context, and fol-
lowing principles without fixed modes [2]”, conveying
the cultural characteristics of “farming-reading” and the
integration of Confucian scholarship and commerce. It re-
flects the purpose and belief of life under the Huizhou cul-
tural environment and plays a role in reinforcing, amplif-
ying, and supplementing the function of the main building.
Against the backdrop of changes in traditional social
structure and the rise of village tourism [ 3], traditional
culture and the “spirit of place” are gradually waning, the
spatial pattern of residential courtyards is being destroyed,
and the courtyard landscape is gradually being detached
from traditional society [ 4,5]. In newly constructed resi-
dential courtyards, there are also issues where regional
culture is becoming merely symbolic and superficial [ 6].

In the study of restoring spatial patterns and recon-
structing the cultural connotations of landscapes, research-
ers mostly base their restoration efforts on residents’ oral
accounts, the regional features of courtyards, and the orig-
inal building sites for restoration [ 7]. Previous studies on
courtyard morphology have mostly focused on its relation-
ship with the main building’s orientation, form, and scale.
Courtyard spaces are mostly located in the front, back, and
side of Huizhou traditional residences, with free forms and
variable patterns [ 8]. Studies on the elements of Huizhou
courtyards show that the courtyards are often decorated
with landscape elements such as openwork windows, ar-
ches, rocks, and plants to strengthen the connection be-
tween the courtyard space and the outside world as well as
nature [ 9]. However, the protection and utilization of
courtyard space still reveal problems such as fragmented
theories and insufficient technical methods [ 10]. Based on
the study of regional landscape features, this paper com-

bines morphological research with element organization to
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explore the location and element features of residential
courtyards of different morphological types. This helps to
grasp the internal causes of courtyard space organization,
offers quantitative reference for courtyard space research,
and thereby provides guidance for the restoration and uti-
lization of regional landscape features and cultural conno-
tations in traditional residential space, and enriches the ex-

pression of new residential courtyard space [ 11, 12].

1 Overview of Huizhou traditional residential court-

yards

1.1 Formation background of courtyard spaces

Huizhou villages are situated amidst picturesque
mountains and rivers, with buildings and streets arranged
in a staggered pattern, accompanied by abundant and
beautiful flowers, trees, and vegetation. Influenced by the
architectural philosophy of “suitably selecting the site and
appropriately composing the garden,” Huizhou traditional
residential courtyard spaces have been formed within a
limited space to express an emotional attachment to natu-
ral landscapes. The courtyard space serves not only as a tran-
sition connecting streets with the building interior and an out-
ward extension of the architectural space, but also as an expres-
sion of the owner’s emotions. Influenced by the overall layout
of the village, the direction of the streets and alleys, and the
shape of the houses, the village, within its limited space, ex-
presses the “farming-reading” tradition of scholarly families
and the idealistic pursuit of a “Peach Blossom Spring” (Utopi-
a). Therefore, the study of the typology of Huizhou traditional
residential courtyard spaces is an extension of the study of vil-
lage street space and a refinement of the study of residential
morphology. It also provides theoretical support for under-
standing the relevant aspects of the transition and connection of

village residential clusters.
1.2 Case selection

The study conducted field research in Huizhou tradi-

tional villages such as Xidi, Hongcun, Nanping, and Ping-
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shan. These villages are relatively well protected and de-
veloped, and the house layout and configuration of ele-
ments are well preserved [ 13]. The survey mainly focused
on key protected buildings in the village and evaluated the
representativeness of the buildings and courtyard spaces
from the dimensions of their historical significance, integ-
rity, artistry, and authenticity [ 14]. Subsequently, through

on-site measurement and aerial photography, the plans of

63 representative traditional Huizhou residential court-
yards were obtained (Figure 1). Basic information on the
courtyard space was obtained through interviews and liter-
ature reviews (Table 1). Based on the relative relationship
between the courtyard and the main hall’s orientation, the
courtyard space was classified into three categories: front
yard, back yard, and side yard, with 37 front yards, 14
back yards, and 12 side yards.

Figure 1 Selection of sample courtyards

1.3 Extraction of spatial elements

The arrangement and combination of courtyard ele-
ments greatly influence the landscape impression of the
courtyard space and further serve as an organic part of
cultural construction. Huizhou Traditional residences typi-
cally have small courtyards, which can create a feeling of
oppression and confinement. The arrangement of spatial
elements plays a role in enhancing the openness and rich-

ness of the courtyard space (Figure 2). Spatial elements are

divided into two types: planar elements and vertical ele-
ments. Planar elements mainly include greenery, water,
stone tables, benches, structures, and wells. Among them,
structural elements include porches, bridges, and steps,
which are collectively referred to as structures. Vertical el-
ements include openwork windows, arches, plaques, and
secondary contours. “Secondary contours” refer to tempo-
rary external attachments to the building [ 157, including

lanterns, couplets, signs, and so on. These spatial elements,
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together with the courtyard space, constitute the unique

Huizhou traditional residential courtyard, serving as a

medium for ancient Huizhou literati to express their ideals

and sentiments.

Table 1 Basic information of courtyard spaces
Code Courtyard Name Conservation Era Village Protection Level Current Use
Status

QT10 Yiyuan Garden Excellent Qing Dynasty Residential
QJo3 Xiyuan Garden Excellent Qing (Daoguang) Tourism
QJo4 Zhenshi Xiaozhu Excellent Qing (Daoguang) Residential
CJo3 Taoliyuan Garden Excellent Qing (Xianfeng) Tourism
QJ10 Ruiyu Courtyard Excellent Qing (Xianfeng) Tourism
QJ11 Hu Guoliang Residence Excellent Qing Dynasty Residential
QJ12 Dude Hall Excellent Late Ming National Key Cultural Relics Pro- Guesthouse
QJ13 Hu Jishou Residence (Front Yard) Qing Dynasty Xidi tection Unit (Xidi Ancient Build- | Residential
HJ03 Hu Jishou Residence (Back Yard) Good Qing Dynasty ings) Residential
QJ14 Zhilanpu Good Qing Dynasty Guesthouse
CYO05 Linxi Villa (Side Yard) Excellent Qing (Daoguang) Guesthouse
QTO05 Linxi Villa (Front Yard) Excellent Qing (Daoguang) Guesthouse
QJI5 Binyiju Good Qing Dynasty Guesthouse
QTO06 Yanggao Hall Excellent Ming (Wanli) Guesthouse
QJ16 Qingyunxuan Excellent Qing (Tongzhi) Residential
CYO03 Songhe Hall Excellent Qing (Tongzhi) Guesthouse
QJOS Shuren Hall (Front Yard) Excellent Qing (Tongzhi) Residential
CJo1 Shuren Hall (Side Yard) Excellent Qing (Tongzhi) Residential
QJ17 Taoyuan Residence Excellent Qing (Xianfeng) Tourism
CJo5 Former Residence of Wang Daxie Good Qing (Daoguang) Tourism
QY01 Biyuan Garden Good Late Ming Guesthouse
QTO04 Chengzhi Hall (Front Yard) Excellent Qing (Xianfeng) National Key Cultural Relics Pro- Tourism
CJo4 Chengzhi Hall (Side Garden) Excellent Qing (Xianfeng) Hongcun tection Unit ( Hongcun Ancient | Tourism
CYO01 Chengzhi Hall (Fish Pond Hall) Excellent Qing (Xianfeng) Buildings) Tourism
HTO02 Chengzhi Hall (Back Yard) Excellent Qing (Xianfeng) Tourism
QJ07 Jingxiu Hall Excellent Qing (Daoguang) Tourism
CTO02 Jushan Hall Excellent Qing (Xianfeng) Guesthouse
CJo2 Deyi Hall (East Garden) Excellent Qing (Jiaqing) Residential
QTO03 Deyi Hall (Water Garden) Excellent Qing (Jiaqing) Residential
CY04 Deyi Hall (West Garden) Excellent Qing (Jiaqing) Residential
HJ04 Cunyang Mountain House Excellent Qing (Jiaqing) Tangyue National Key Cultural Relics Protection | Display
QTO8 Xinsuoyu Studio Excellent Qing (Jiaqing) Village Unit (Tangyue Ancient Residences) Display
QJ18 Xu Zhaolai Residence Excellent Qing Dynasty Residential
QJ02 Tongde Hall Excellent Qing Dynasty S Anhui Provincial Cultural Relics Residential
QJo1 Shu Xiaofei Residence Good Qing Dynasty Vilglage Protection Unit (Pingshan Ancient | Guesthouse
QTO1 Yougqing Hall Excellent Qing (Daoguang) Buildings) Tourism
QT09 Shu Family Residence Good Qing Dynasty Residential
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(Continued)
Conservation . .
Code Courtyard Name Era Village Protection Level Current Use
Status
Former Residence of Cheng . Yixian County Cultural Relics Pro- . .
QJ19 Excellent Qing Dynasty . . Residential
Mengxu tection Unit
) ) Yixian Registered Immovable Cul- . .
QJ20 Residence 1 Excellent Qing Dynasty . Residential
- tural Relics
Yixian
. . Ancient Yixian County Cultural Relics Pro-
HJ06 Residence 2 Good Qing Dynasty X . . Vacant
City tection Unit
QY04 Residence 3 Good Qing Dynasty Yixian Historical Architecture Residential
. . Yixian County Cultural Relics Pro- . .
QJ21 Residence 4 Excellent Qing Dynasty . ) Residential
tection Unit
HJO0S5 Residence NO. 1 Good Qing Dynasty Residential
HTO5 ResidenceNO. 2 Excellent Qing Dynasty Shiting 2nd Batch of Traditional Chinese | Residential
Q22 ResidenceNO. 3 Excellent Qing Dynasty Village Villages List Residential
QJ23 ResidenceNO. 4 Good Qing Dynasty Residential
Former Residence of Huang Bin- . . o
HY03 Excellent Qing (Kangxi) Exhibition
hong (Back) Tandu Anhui Provincial Cultural Relics
Former Residence of Huang Bin- . ) Village Protection Unit o
QTO07 Excellent Qing (Kangxi) Exhibition
hong (Front)
QJo6 Shensi Hall Excellent Qing (Kangxi) Residential
QT02 Xiyuan Garden Good Qing (Qianlong) Nanping National Key Cultural Relics Pro- Residential
vill tection Unit ( Nanping Ancient
. . illage . .
QY03 Jishan Hall (Front Yard) Excellent Qing (Guangxu) g Buildings) Residential
HTO03 Jishan Hall (Back Yard) Excellent Qing (Guangxu) Residential
. Shexian County Cultural Relics .
HTO1 Guotanghang Good Qing Dynasty . . Tourism
Protection Unit
) . . Shexian County Cultural Relics o
QJog Yizhen Hall Excellent Republic of China Yuliang . . Residential
Protection Unit
Village
CTO1 Former Residence of Ba Weizu Excellent Ming (Wanli) Exhibition
Anhui Provincial Cultural Relics
Garden of Former Residence of Ba . . . . o
CY02 ) Excellent Ming (Wanli) Protection Unit Exhibition
Weizu
HYO01 Luo Xinpu Residence Good Qing Dynasty Residential
. . Guanlu . .
QY02 Chunmanyuan (Front Yard) Excellent Qing (Qianlong) Vill Residential
illage
. . Anhui Provincial Cultural Relics . .
HY02 Chunmanyuan (Back Yard) Excellent Qing (Qianlong) . . Residential
Protection Unit
. . . . Tunxi National Key Cultural Relics Pro- o
HJO1 Former Residence of Cheng Dawei | Excellent Ming (Hongzhi) L . . Exhibition
District tection Unit
) . . Liyang Old | Huangshan Municipal Cultural Rel- .
HTO04 Shi Residence Excellent Late Qing . . . Exhibition
Street ics Protection Unit
Former Residence of Wang Renzhi . Shexian County Cultural Relics o
HJ02 Good Early Qing Shexian . . Exhibition
(Back) Protection Unit
Ancient
Former Residence of Wang Renzhi . . Shexian County Cultural Relics .
QJ09 Good Early Qing City Exhibition

(Front)

Protection Unit
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Figure 2 Extraction of courtyard space elements

2 Quantitative analysis of courtyard space form
2.1 Principles of courtyard space quantification

Quantitative indicators related to the size and mor-
phological proportions of courtyard spaces were estab-
lished to describe the courtyard spaces of traditional resi-
dences. The study analyzes five dimensions: courtyard are-
a, area ratio, aspect ratio, saturation, and boundary coeffi-
cient, aiming to grasp the morphological characteristics of
Huizhou traditional residential spaces, such as size and
proportion, from a quantitative perspective.

The dimensions of the courtyard and main building
were obtained through on-site measurement (Figure 3).
The area of the courtyard and the ratio of the courtyard
space to the building footprint were calculated toassess the

scale, size and proportional relationship of the courtyard

space to the main building. In graphic morphology re-
search, the ratio of the projected area of a graphic to the
area of its circumscribed rectangle is often used to define
the degree to which it fills the circumscribed rectangle
[16]. The study uses the ratio of the area of the courtyard
to the area of the circumscribed rectangle as the saturation
degree. The higher the value, the more saturated the court-
yard space is. In order to supplement the saturation degree
in reflecting the indentation and inclination of the court-
yard outline, the ratio of the perimeter of the courtyard to
the perimeter of the circumscribed rectangle is used as the
boundary coefficient. The closer the value is to 1, the more
regular the courtyard outline is. The aspect ratio of the cir-
cumscribed rectangle is used as the aspect ratio of the

courtyard space.

Figure 3 Quantitative description of the sample courtyard
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2.2 Quantification of the morphological characteristics of

courtyard spaces

By conducting statistical analysis on five aspects of the

sample courtyards—area, area ratio, aspect ratio, saturation, and
boundary coefficient—the general rules of the courtyard spatial

arrangement can be grasped as a whole (Figure 4).

Figure 4 Analysis of the quantitative coefficients of the courtyard

In terms of area, the average area of the sample
courtyards is 78.2 m’, and most of them are under 100 m>.
Courtyards within 50 m* account for 42.9% of the sample
courtyards, and courtyards between 50 m* and 100 m’ ac-
count for 30.2% . It can be seen that, as a supplement to
the main building, the courtyard space is generally smaller
in scale, and its spatial scale is intimate and human-scaled.
There are also some large courtyard spaces. These court-
yards have a weaker sense of enclosure, are closer to na-
ture, and can serve as places for viewing, rest, and daily
life, enriching the lifestyle of the homeowners. In terms of
area ratio, Huizhou traditional residences vary in size, and
the constraints on courtyard construction are different,
thus showing considerable variation. The average area ra-
tio of courtyard space was 0.26, with 73% of the sample
courtyards having an area ratio between 0.1 and 0.4. A-
mong these, the ratio between 0.2 and 0.3 accounted for
the largest proportion (31.7% ).

A percentage higher than 0.4% or lower than 0.1% is
less common. The analysis shows that, in courtyard con-
struction, designers not only made use of limited residual
spaces but also deliberately reserved moderately sized
courtyards that are proportionate to the main building,
thereby enriching the rhythm of the spatial sequence.
However, outside of this general pattern, the survey found
a small number of samples with a small building footprint
but a large courtyard area, or a large building footprint but
a small courtyard space. For these types of courtyards, it is

necessary to consider the special land use conditions and

the living background of the homeowner.

In terms of aspect ratio, the average aspect ratio of
the sample courtyards is 2, and most of them are between
1 and 2, accounting for 68.3% of the sample courtyards.
Those with an aspect ratio greater than 2 are relatively
few. The results indicate that rectangular courtyard spaces
ensure a strong sense of centrality and provide relatively
uniform viewing distances for resting and strolling, con-
tributing to a stable and comfortable spatial perception.

In terms of saturation, the mean value is 0.9, and
65.1% of the sample courtyards are concentrated between
0.9 and 1. It can be observed that, influenced by the tradi-
tional construction concepts of regularity and stability, and
by introducing the regular order of traditional architectural
space into the courtyard, most courtyard spaces areregular
and full. From the perspective of the boundary coefficient,
courtyards with a value less than 1 account for 52.4% of
the sample courtyards, of which 49.2% are in the range of
0.9 to 1. The findings suggest that most courtyards adopted
inclined or bent boundary treatments to adapt to land-use
constraints during construction, although these adjust-

ments were generally controlled within a limited range.

3 Courtyard feature analysis based on clustering analysis

3.1 Classification and analysis of courtyard forms

Clustering analysis, as a multivariate statistical
method, splits or aggregates data according to the data
connection rules to find natural groups in the dataset

[ 17]. The distance between any two points within the
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same group is less than the distance between any two
points in different groups; data within a group are simi-
lar, while data in different groups are dissimilar. The
study provides a quantitative description of the court-
yard space of Huizhou traditional residences from five
dimensions: area, area ratio, aspect ratio, saturation, and
boundary coefficient. In the clustering analysis, the

quantification coefficients of the selected 63 Huizhou

traditional residential courtyard samples were first
standardized using a standard deviation of 1 to eliminate
the influence of different units of measurement. Subse-
quently, Ward’ s method was employed for cluster anal-
ysis. The classification was determined by observing the
clustering results, and the types were named according
to the distribution characteristics of the initial variables

within each classification result (Figure 5).

Figure 5 Comparison of planar morphological clustering and spatial organization
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The courtyard spaces of traditional Huizhou resi-
dences can be broadly categorized into four types:

Typel, represented by Ruiyu Courtyard in Xidi and
Taoyuan Residence in Hongcun, has the highest average sat-
uration (0.99) and a relatively low average area (43.25 m®) a-
mong the four types, and is therefore named “medium-
scale square” courtyards. This type of courtyard appeared
most frequently in the sample, accounting for 42.9% of
the courtyards.

Type2, represented by Tongde Hall in Pingshan and
Xiyuan Garden in Xidi, has the highest average aspect ra-
tio (5.23) and a relatively low average area (69.78 m*) a-
mong the four types, and is therefore named “medium-
scale strip” courtyards. This type of courtyard appeared
least frequently in the sample, accounting for 9.5% of the
courtyards.

Type3, represented by the side yard of Xidi Linxi
Villa and Songhetang in Hongcun, have the lowest average
saturation (0.77), average boundary coefficient (0.95), and
relatively low average area (78.15 m’) among the four
types of courtyards. Therefore, they are named “medium-
scale irregular” courtyards, accounting for 31.7% of the
sample.

Type4, represented by the former residence of Wang
Daxie in Hongcun and Shexian Folk House 2, have the
highest average area (177.98 m?), average area ratio (0.39),
and average boundary coefficient (1.01) among the four
types of courtyards. Therefore, they are named “large-
scale complex” courtyards, which are less common in the
sample, accounting for 15.9% .

Courtyard design in Huizhou traditional residences
demonstrates an emphasis on human-scaled spaces and the
use of regularity to enhance spatial order. Due to land con-
straints, many irregular courtyard spaces have emerged. By
cleverly utilizing these spaces and seeking variations with-
in the balanced and symmetrical form of traditional resi-
dences, these spaces often become focal points of the liv-
ing environment. Large-scale complex courtyards often
have high requirements for land conditions. In addition to

organizing circulation, they can also serve as places for

viewing and relaxation, providing a place for homeowners
to enjoy the natural scenery. Medium-scale strip court-
yards generally serve to organize and connect circulation,
but because their narrow and long spaces can easily create

a sense of insecurity, they are generally less common.

3.2 Correlation analysis between morphological type and

location

In Huizhou traditional residences, courtyard spaces
are generally divided into front yards, back yards, and side
yards according to their relative position and orientation to
the main hall. The front yards appeared most frequently,
accounting for 58.7% of the sample courtyards, followed
by the back yards, accounting for 22.2% , while the side
yards appeared the least frequently, accounting for 15.9% .
As the starting point and transition of the architectural
spatial sequence, the front yard is the focus of courtyard
space creation. The axial relationship of the main building
extends to the courtyard space, playing a role in highlight-
ing the family status and symbolizing lineage. In addition,
the front yard can block wind and sand, welcome sunlight,
form a comfortable climate, and satisfy the feng shui pur-
suit of “gathering wind and accumulating qi” [ 18]. Be-
cause the back yard is located at the end of the building’s
flow, it is a more private space and serves less as a circu-
lation area and more as a space for rest and daily life.
There are two common types of side yards. One type in-
volves creating a landscape design for the empty space
within the site, transforming it into a scenic courtyard. An-
other type is arranged on one side of the main building,
and these courtyards serve both as scenic attractions and
circulation hubs.

In terms of the location distribution of courtyards in
the four categories, the front yard is the most common in
medium-scale square courtyards, followed by the back
yard, while the side yard is less common. Among these,
the front yard had the largest distribution in this type of
yard, accounting for 51.4% of the total front yards sam-
pled. In the medium-scale strip courtyard samples, the
front yard was the most common, followed by the side

yard, and no back yards were found. Among the samples
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of medium-scale irregular courtyards, the front yard ap-
peared the most, followed by the side yard, and the back
yard appeared the least. Specifically, the distribution of side
yards in this category accounts for 41.7% of the total side yard
sample, which is the highest proportion for side yards across all
categories and exceeds the proportional representation of front
and back yards within this category relative to their respective
total samples. In large-scale complex courtyards, the back yard
appears most frequently, followed by the side yard, and the
front yard appears least frequently. These types of courtyards
are mostly residential courtyards with relatively simple space
requirements, resulting in complex boundary forms. Therefore,
they are mainly distinguished from the other three categories
by area metrics.

The analysis reveals that medium-scale square court-
yards are predominantly used as introductory spaces, sup-
plementing the outdoor area in front of the main building.
Their human-scaled spatial dimensions and square spatial
layout provide an opportunity to appreciate and get close
to nature, while also providing a comfortable spatial expe-
rience. Medium-scale strip courtyards, due to their long
and narrow spatial characteristics, often express direction-
ality and give the courtyard space a sense of dynamism.
They are suitable for use as front yard spaces in larger res-
idential complexes for circulation organization. Due to the
strict land use conditions in Huizhou, side yards are often
located at the corners of the land. Compared with court-
yards in other locations, they are more affected by the ter-
rain and present a low-saturation form. This unsaturated
spatial form breaks the rigidity of the architectural compo-
sition, making the overall space more dynamic and lively.
Due to the private spatial attributes of the back yard and
its functions of viewing, resting, and living, the space re-
quirements are relatively large, which is more in line with
the concept of “emulating heaven and earth, and imitating
the four seasons”. However, under the condition of tight
land use, it is not easy to create such a large-scale complex
courtyard in the front yard.

3.3 Correlation Analysis between morphological types and

environmental Factors

From the overall distribution of elements, greenery

http: / www.viserdata.com/journal/jsa

elements appeared most frequently in the sample court-
yards. The creation of courtyard spaces emphasizes the
concepts of “learning from nature” and “harmony between
man and nature”. Through the observation of natural scen-
ery and phenomena in the courtyard, people can feel the
vitality of all things, think about the connection between
life and nature, and express their moral ideals and life pur-
suits through images such as “serene bamboo” and “or-
chid in an empty valley”. In addition, in a space rich in
natural elements, people’ s attention is easily diverted,
which can foster positive emotions [ 19]. Thus, the court-
yard space can also play a role in mutual nourishment be-
tween people and nature. As the main source of drinking
water for villagers, wells are mostly located in the village
center or nearby streets and alleys combined with open
spaces, so they rarely appear in the courtyards of residen-
tial houses [ 20]. The distribution and combination pat-
terns of elements differ in the four types of courtyards.
The proportion of each type of courtyard containing vari-
ous environmental elements is used as the distribution ra-
tio of the elements to express the distribution of elements
in each type of courtyard (Figure 6).

Among medium-scale square courtyards, those with
water features, structures, or wells accounted for 37%,
40.7%, and 3.7% of the sample, respectively, which is a
relatively low proportion. These results indicate that medi-
um-scale square courtyards, due to their relatively limited
spatial scale, show less need for additional structures to
reinforce territorial definition or enrich spatial layering
and enclosure. In fact, they may even exacerbate the feel-
ing of crampedness in the courtyard space. In addition,
these courtyards have fewer living functions and are most-
ly front yards that serve more functions of circulation or-
ganization and display. As a result, elements of water wells
and water features are less common.

In medium-scale strip courtyards, those with struc-
tures, stone tables, arches, plaques, or secondary contours
accounted for 83.3%, 50%, 83.3%, 50%, and 50% of the

sample, respectively, which is a relatively high proportion.
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Because the narrow and long space of medium-scale strip
courtyards can easily create a sense of oppression and in-
security, it is necessary to introduce arches and structural
elements to increase their spatial layering. Since these
courtyards often connect several building entrances, the
secondary contour additions that are often arranged at the
building entrance and the wall facing the entrance are also
more numerous. Among them, elements such as lanterns
and couplets are in line with the traditional style and can
effectively enhance the courtyard landscape. However,
some modern signs have caused interference to the court-
yard space due to the confusion in their design [21]. In
addition, courtyards with greenery or stone benches ac-
counted for 50% and 33.3% of the courtyard sample, re-
spectively, which is a relatively low proportion, and water
features were not found in them. The results show that me-
dium-scale strip courtyards, characterized by strong direc-
tionality and spatial dynamism, primarily serve circulation
functions; consequently, elements intended for viewing or
resting appear less frequently.

Among medium-scale irregular courtyards, those with
greenery, water features, or openwork windows accounted
for 90% , 40%, and 55% of the sample courtyards, respec-
tively, which is a relatively high proportion. Courtyards
with stone tables accounted for 25% of the sample court-
yards, which is a relatively low proportion. It can be seen
that when designing medium-scale irregular courtyards,
the irregular spaces are often arranged in a rich way, with
greenery and water features used to mask and remedy the
irregular parts of the courtyard, thereby weakening the ir-
regular shape of the space. Furthermore, using the court-
yard wall as the “ground” and the openwork window as
the “figure”, the openwork window becomes a visual focal
point of the courtyard space, which can effectively reduce
the feeling of irregularity of the courtyard space under the
“spotlight effect” [ 22]. Simultaneously, in the Huizhou
region, where literature and art flourish, these elements
possess rich artistic value and scholarly aesthetic, enhan-

cing the spatial level recognition. Stone tables are often

placed in courtyards in conjunction with building en-
trances to follow or support the building axis. However, in
medium-scale irregular courtyards, the alignment with the
building axis is weaker, so the placement of stone tables is
correspondingly less frequent.

In large-scale complex courtyards, those with water
features or stone benches accounted for a relatively high
proportion of 40% and 60% of the sample, respectively.
These findings suggest that this type of courtyard is gen-
erally more open and closely connected to nature, functio-
ning primarily as a space for viewing and rest. The ar-
rangement of more water features, stone benches, and oth-
er rest elements enriches the spatial layers and circulation
paths of the courtyard. Based on the concepts of “a resi-
dence with water possesses spirit” and “accumulating wa-
ter gathers wealth”, and given that the courtyard is large
enough to accommodate water features, these courtyards
often incorporate water features to serve purposes such as
fire prevention, cooling, and irrigation. At the same time,
the leisurely swimming fish in the water express the desire
for a free and unrestrained life, roaming between heaven
and earth. In addition, courtyards with openwork windows
or arches accounted for 20% and 10% of the sample
courtyards, respectively, which is a relatively low percent-
age. The results indicate that these courtyards place greater
emphasis on creating a peaceful and comfortable living at-
mosphere and, due to their private and introverted spatial
attributes, rarely establish visual connections with the ex-
ternal environment through arches or openwork windows.

Overall, the analysis reveals that the arrangement of
spatial elements varies significantly among courtyard
spaces with different morphological characteristics. The
arrangement and combination of these elements either en-
hance the spatial characteristics or mitigate shortcomings.
Medium-scale square and irregular courtyards have a high
degree of element richness. Among them, medium-scale
square courtyards have more elements such as greenery,
water features, stone tables, and stone benches. Medium-

scale irregular courtyards are mainly characterized by
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greenery, water features, and openwork windows. Medium-
scale strip courtyards and large-scale complex courtyards
have a low degree of element richness. Medium-scale strip

courtyards are mainly composed of structures, arches,

plaques, stone tables, and secondary contours, with fewer
planar elements. Large-scale complex courtyards are main-
ly composed of greenery, water features, and stone bench-

es, with fewer vertical elements.

Figure 6 Statistical analysis and comparison of element distribution

Figure 7 Statistics and comparison of element combinations

3.4 Correlation analysis between elements

The combination patterns of elements in courtyards
are complex and exhibit strong individual characteristics.
By statistically analyzing the distribution of element com-
binations in various types of courtyards, the correlation
between elements is analyzed (Figure 7), thus providing a
reference for the combination of elements in residential
courtyards. The proportion of courtyards with various
combinations of elements in a given category of court-
yards is used as the frequency of occurrence of element

combination patterns to express the degree of correlation

http: / www.viserdata.com/journal/jsa

between elements in each category of courtyards. If the
frequency is below 0.2, the correlation between the ele-
ments is considered low; if the frequency is between 0.2
and 0.4, the correlation is considered moderate; and if the
frequency is above 0.4, the correlation between the ele-
ments is considered high. Overall, the greening elements
are highly correlated with elements such as water features,
stone benches, structures, or openwork windows, indica-
ting that while introducing natural landscapes, the embel-
lishment of artificial elements is more conducive to crea-

ting a spatially permeable, comfortable, and leisurely
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courtyard space. Looking at the combination distribution
in various types of courtyards, they are mostly arranged a-
round the main constituent elements. The combination pat-
terns are most abundant in medium-scale square court-
yards and medium-scale irregular courtyards, followed by
medium-scale strip courtyards, while the combination of
elements is less abundant in large-scale complex court-
yards.

In medium-scale square courtyards, the “greenery-
bench” element combination had the highest frequency of
0.41, indicating the highest correlation. Meanwhile, the
frequencies of combination patterns such as *“ water-
bench”, “bench-door”, and “bench-contour” are 0.33, 0.22,
and 0.22, respectively, which are more frequent than in
other types of courtyards, reflecting that the correlation
between elements such as water features, arches, secondary
contours, and stone benches is relatively higher in this
type of courtyard. Combining and arranging these ele-
ments can serve to connect the axis, enrich the landscape
layers, and optimize the rest space within a relatively
small and regular space.

In medium-scale strip courtyards, the common com-
bination patterns are mainly “greenery-structure”, “door-
table”, “door-structure”, “door-window”, “plaque-table”,
“plaque-structure”, and “plaque-door”, with frequencies
of 0.5, 0.5, 0.67, 0.5, 0.5, 0.5, and 0.5, respectively. These
patterns appear more frequently than in other types of
courtyards, indicating a high degree of correlation between
elements such as greenery, plaques, stone tables, openwork
windows, arches, and structures. The arrangement of these
elements, while increasing spatial layers and reducing the
sense of depth, ensures that every section of the courtyard
is appropriately sized and exudes an elegant atmosphere.

In medium-scale irregular courtyards, the combina-

1

tion patterns of “ green-structure”, “ green-window ”,

3 &

“green-door”, “ water-structure”, “ water-window”, and
“structure-window” appear relatively frequently, with fre-
quencies of 0.55, 0.4, 0.4, 0.3, 0.3, and 0.4, respectively. At
the same time, these combination patterns are relatively

more common in other courtyards, reflecting the high cor-

relation between elements such as greenery, water features,
structures, and openwork windows. It can be seen that
while individual elements can cover and repair irregular
spaces, combining these elements can strengthen the re-
duction of spatial irregularity, enhance the spatial quality,
and transform the courtyard into a highlight of the archi-
tectural space.

For large-scale complex courtyards, common combi-
nation patterns are mainly “green-water”, “green-bench”,
“green-structure”, and “table-bench”. These combination
patterns have a combination frequency of 0.4, 0.5, 0.4, and
0.3, which is higher than that of other types of courtyards.
In these types of courtyards, elements such as water fea-
tures and stone benches are often combined with greenery
to create a space that feels close to nature, while providing

a richer environment for relaxation.
Conclusions

By introducing spatial quantitative indicators to de-
scribe the spatial form of courtyards, and summarizing the
location characteristics and element distribution patterns
of courtyard spatial types based on clustering analysis
(Figure 8), the study found that:

(1) Overall, the courtyard area of Huizhou traditional
residences is mostly within 100 m’. with a suitable spatial
scale, which is suitable for construction under the tight
land use conditions in Huizhou; the courtyard area is
mostly 10% to 40% of the building area, which is in ap-
propriate proportion to the main building and serves as an
outdoor supplement to the main building; the aspect ratio
can be divided into two categories: between 1 and 2 and
greater than 2. The aspect ratios of most of them are be-
tween 1 and 2, reflecting traditional design principles em-
phasizing regularity and stability. Their regular spatial
form can give people a comfortable and stable spatial ex-
perience. For courtyards with an aspect ratio greater than
2, the space often exhibits a strong sense of dynamism and
has more circulation attributes. Regarding the distribution
of location, front yards are the most common, followed by

backyards, with side yards being the least common. As the

http: / www.viserdata.com/journal/jsa
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starting point of the architectural sequence, the front yard
is often the focus of courtyard design. In terms of element
arrangement, greenery elements are the most numerous o-
verall, with structures, water features, openwork windows,
and arches also appearing frequently. In terms of element
combination, greenery elements are often combined with
water features, stone benches, structures, and openwork
windows. While introducing natural landscape imagery,
this arrangement expresses the ideals of the literati, and
the rich elements embellish and enhance the spatial atmos-
phere that combines the artificial and the natural.

(2) Medium-scale square courtyards are the most
common, reflecting that even under the tight land use con-
ditions in Huizhou, there is an enduring priority placed on
the creation of courtyard space. The square and stable spa-
tial order is well reflected in the courtyard space, and the

form and proportion are consistent with the main body.

These types of courtyards are mostly located in the front
yard and back yard. As important circulation organization
spaces and extensions of living spaces, the front and back
yards require square and comfortable spaces. Therefore,
when conditions permit, building medium-scale square
courtyards is more conducive to maintaining consistency
with the main form and to functional use. In terms of spa-
tial configuration, small and medium-scale square court-
yards often combine elements such as stone benches with
greenery, water features, arches, and secondary contours to
extend spatial functions, enrich landscape layers, and en-
hance spatial interest. Therefore, when creating courtyard
spaces for residential buildings, the primary consideration
should be to create a courtyard with a square shape and
moderate size, and to embellish and enhance it with spatial
elements, thereby forming a comfortable and pleasant

courtyard space that extends the building space outdoors.

Figure 8 Summary of the regular characteristics of courtyards

(3) Medium-scale strip courtyards are mainly front
yards. As the circulation space at the front of the building,
the front yard requires convenient circulation access. Be-
cause of the spatial dynamism and directionality embodied
by the strip courtyard, it is often used as the front yard for
circulation organization in larger residential complexes. In
terms of element configuration, the main elements are
structures and arches, which are combined with greenery,
plaques, stone tables, and openwork windows to reduce the
sense of oppression and insecurity caused by the narrow
space. Therefore, when faced with a long and narrow
courtyard space due to land constraints, the sense of con-

striction can be reduced by using structures, arches, and
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other elements to divide and add layers.

(4) Medium-scale irregular courtyards are mainly
front yards and side yards. Under the combined effect of
irregular land conditions and the regular main building
plan, these courtyards present an irregular spatial form. In
addition to being arranged as a viewing space, they also
undertake certain circulation functions. Because it seeks
variation within a regular planar shape,this type becomes a
highlight in the architectural space. In terms of element
configuration, greenery, water features, openwork win-
dows, and their combinations are the most common ele-
ments. The irregularity of the space is reduced by remed-

ying the space and placing a visual center. Therefore, when
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faced with restrictions on land use conditions or irregular
shapes of residential land, the impression of spatial irregu-
larity can be mitigated by using elements to shield or cor-
rect them, or by arranging eye-catching elements to form a
visual center.

(5) Large-scale complex courtyards are mainly back
yards, which are mostly living and resting spaces. If the
land conditions permit, it is more conducive to building a
larger courtyard to create a courtyard space that incorpo-
rates more landscape and pastoral imagery and is close to
nature, so as tofoster relaxation and spiritual tranquility in
a courtyard environment full of natural charm. In terms of
spatial configuration, the layout mainly features natural
leisure elements such as water features and stone benches,
and often combines them with greenery to provide resi-
dents with a comfortable and private living environment.
Therefore, where land conditions permit, a large-scale
courtyard space can be created by combining natural land-
scapes and recreational facilities to satisfy the pursuit of
living in nature.

In conclusion, by studying the spatial organization
patterns of courtyards based on typological analysis, we
can underst and the general rules of different courtyard
spatial arrangements, thus providing a basis for the protec-
tion and restoration of Huizhou traditional residential
courtyard spaces [ 23, 24]. Meanwhile, when constructing
courtyard spaces for new Huizhou-style residences, atten-
tion should be paid to creating regular and square court-
yard spaces that provide human-scaled and outdoor spaces
that are in harmony with the building’s proportions. When
land conditions permit, a large-scale courtyard space can be
built at the rear of the building, and the natural and private
spatial atmosphere can provide a variety of supplements to res-
idential life. The relatively long and narrow courtyard can be
used to guide the spatial sequence, and the spatial comfort can
be increased by dividing the space through structures and ar-
ches. In addition, irregular land use can be used to carry out di-
versified designs, and spatial elements can be inserted to reme-
dy defects or form a visual center to soften the impression of

irregular space [ 25, 26].

Sources of Figures and Tables
All figures and tables in this article were drawn and pho-

tographed by the authors.
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Introduction toration of traditional dwellings be enhanced to meet con-

Lo
Ecological livability, as one of the five overarching temporary standards of livability? Second, how can newly

goals of rural revitalization, has a direct bearing on our re- built rural dwellings achieve a high level of livability?

search on rural dwellings. The authors strongly concur These issues involve many specific aspects. Below, we dis-

with Professor LTU Shouying’s view: “The primary indi- cuss these issues from three perspectives: Evaluation of

cator of successful rural revitalization is dignity—digni- the current state, reflections on practical experiences, and

fied living conditions, public services, and people..."” Liv- exploration of the problems.

ing in peace and working happily has long been the grea- 1 Current conditions of rural dwellings in China and

test aspiration of both urban and rural life in China, and their livability assessment

building a house has traditionally been the foremost prior-
ity of rural families [1].
The livability of rural dwellings currently faces two

direct challenges: first, how can the conservation and res-
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lage construction [ 2], clearly reflects farmers’ aspirations
for stable and comfortable living. However, how should
livability be evaluated? What is the current status of liva-
bility in traditional and newly built rural dwellings, and
what challenges do they encounter? These questions con-

stitute the basis for this discussion.

1.1 Reflections on evaluation criteria for livability of rural

dwellings

According to Maslow’ s hierarchy of needs, human
needs are divided into five ascending levels: Physiological
needs, safety needs, social needs, esteem needs, and self-
actualization [ 3]. Naturally, this involves the concept of
“dwelling.”

In 2009, while researching the core values of tradi-

tional rural dwellings, the authors proposed a “Five-Level
Hierarchy of Dwelling Needs” based on this theory. Given
that no formal standard currently exists for evaluating the
livability of dwellings, this framework may serve as a ref-
erence. After slight revisions, it has been transformed into
the “Hierarchical Reference Framework for Evaluating the
Livability of Rural Dwellings” (Figure 1 [4]). In the
framework, E, D, C, B, and A represent five levels from
low to high, with each level further subdivided into three
grades—3, 2, and 1 (low, medium, high). The meanings of
the five levels are clearly defined in the diagram. Although
the framework does not provide a quantitative assessment
of dwelling livability, it can at least offer a relatively intu-

itive qualitative classification.

Figure 1 Hierarchical reference framework for evaluating the livability of rural dwellings

1.2 Analysis of the livability of current traditional rural

dwellings in China

China’ s rural areas are vast and economically di-
verse, and the conditions and problems of traditional rural
dwellings vary greatly. This analysis focuses primarily on
rural areas in the less-developed western regions of China.

Traditional rural dwellings are inseparable from agri-
culture. Functions such as grain storage and the keeping of
farm tools are essential, but they also lead to problems
such as space occupation, cluttered storage, rodent and in-
sect infestation, and negative impacts on hygiene. Differ-
ent regions and ethnic groups have their own customs re-
garding agricultural routines, sideline production, and ag-
ricultural-related festivals and rituals, and these customs in
turn shape their specific livability needs.

Traditional rural dwellings are also closely tied to

http: / www.viserdata.com/journal/jsa

livestock. Cattle and horses serve as primary labor, while
poultry and livestock are important supplements to the ru-
ral subsistence economy. They require substantial space,
and human-animal cohabitation is common, resulting in
significant sanitation challenges.

“Once fire was introduced into human dwellings, the
hearth gradually took shape, strengthening the bond be-
tween humans and fire [ 5]12-13.” The less economically
developed an ethnic group or region is—especially those
in the southwestern mountainous areas—the more central
the role of fire becomes in traditional dwellings. The
hearth serves multiple functions—cooking, heating, smok-
ing meat, and repelling insects—and also holds symbolic
significance as a focal point for family gatherings. Howev-
er, prolonged smoke accumulation darkens the interior,
and fire hazards remain among the greatest risks associat-

ed with such dwellings.
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Adequate spatial separation is the minimum requirement
for livability, yet this issue persists in many traditional rural
dwellings. In the past, some ethnic minority groups had certain
problematic residential arrangements (e.g., prior to the 1990s,
Dai bamboo dwellings in Xishuangbanna featured undivided
sleeping areas) [6]76-116. In some impoverished minority are-
as (such as the Yi in the Liangshan region and the Hani in
Honghe Prefecture), all domestic functions are concentrated in a
single space, with sleeping areas minimally demarcated around
the hearth. Situations such as growing household size, econom-
ic poverty, insufficient floor area in existing dwellings, and dif-
ficulties in creating interior partitions are still commonly ob-
served today.

Timber-and-earth traditional rural dwellings commonly
exhibit long-term disrepair—decaying structural timbers,
cracked walls, and leaking roofs—a widespread condition
across rural regions. The lack of maintenance funds and rural

hollowing accelerates structural deterioration and eventual col-

lapse, posing direct and severe challenges to livability.

The conservation of traditional built form and the
continuity of associated cultural practices represent core
intrinsic and extrinsic dimensions of livability. Few tradi-
tional dwellings in rural areas are well preserved; most are
severely damaged, and many have already disappeared.

Traditional rural dwellings can generally be catego-
rized into three types based on economic conditions: Low-
income, moderate-income, and high-income dwelling ty-
pologies [ 7] (Figure 2). Because economic conditions va-
ry widely across regions, it is difficult to quantify the pro-
portion of each type. Overall, based on our fieldwork in
the Southwest in recent years: Low-income dwellings are
numerous, with livability generally corresponding to El-
D3 levels; moderate-income dwellings are the most com-
mon, with livability generally in the D2-C3 range; high-in-
come dwellings are fewer in number, with livability most-
ly at the C2-Cl1 levels.

Figure 2 Classification of traditional dwellings by economic status (2a: Low-income type; 2b: Moderate-income type; 2c¢: High-income type)

Figure 3 A self-built new rural dwelling in Jingmai Mountain, Lancang, Yunnan (3a: Exterior; 3b: Kitchen; 3¢: Bedroom; 3d: Bathroom)

Figure 4 'Two conditions of current new rural dwellings (4a: Well-constructed unified housing; 4b: Self-built housing that detracts from environmental character)

http: / www.viserdata.com/journal/jsa
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1.3 Livability analysis of newly built rural dwellings

Many newly built rural dwellings have been built in re-
cent years. Most are self-built by villagers, while some are built
through coordinated development. In more economically devel-
oped areas, the proportion of the latter is higher.

Overall, the construction quality of newly built rural
dwellings has improved considerably: Structural safety has
increased, and earlier problems of crude structures and
materials have largely been overcome; functional perform-
ance has improved: Room divisions generally meet basic
standards, kitchens and bathrooms have been added, and
human and livestock are separated; the indoor environment
has improved significantly, with larger daylighting areas
and enhanced facilities and interior finishes (Figure 3).
However, many problems remain in newly built rural
dwellings: Planning lags behind, spatial layouts are often
poorly conceived, and the overall environment is sub-
standard; despite a relatively large floor area, the function-
al layout remains inadequate; the exterior appears unre-
fined, with disparate forms, materials, and colors that com-
promise traditional rural character; construction quality is
often substandard, and some structural elements and mate-
rials lack adequate safety performance. Accordingly, as
stated in a joint document issued by the Ministry of Hous-
ing and Urban-Rural Development, the Ministry of Agri-
culture and Rural Affairs, and the National Rural Revital-
ization Administration, “the design and construction
standards of rural housing in China urgently need im-
provement, ‘and it is necessary to’ enhance housing func-
tions and improve housing quality [2]. ”

Overall, newly built rural dwellings (Figure 4) show
some improvement in livability compared with low-in-
come and moderate-income traditional dwellings, but most
remain of relatively low quality and generally correspond
to Levels D2-C1. The reasons for the generally low quality
of newly built rural dwellings include: A lack of planning
vision—construction is dispersed, prioritizing individual
dwellings over the communal environment; a lack of qual-
ity consciousness—emphasis is placed on imposing height
and scale while interior functionality is neglected, with at-
tention paid to facade at the expense of internal detailing;

a lack of aesthetic discernment—Iocal traditions are disre-
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garded, creativity is absent, imitation is uncritical, and for-
mal expression is disordered; and a lack of professional
design input—the role of design is misunderstood, invest-
ment in design is deemed unnecessary, and construction

execution often lacks technical competence.

2 Reflections on three successive projects involving ethnic
minority dwellings and their livability issues
The following section examines three projects the au-
thors have engaged in over the past twenty years to reflect
on livability-related issues in both traditional dwelling res-
toration and various forms of newly built rural dwelling

development.

2.1 Experimental newly built Dai Dwellings in Xishuang-

banna (1999) [8]

The issues to be addressed at the time included: Im-
proving functional layouts (dividing sleeping areas, adding
kitchens and bathrooms, and utilizing raised floors); chan-
ging construction materials (replacing timber with rein-
forced concrete due to timber scarcity); preventing the loss
of traditional architectural character of Dai bamboo houses
(as villagers began constructing flat-roofed brick houses,
placing this heritage at risk of disappearance); and accom-
modating economic constraints (each self-built house had
to remain within an 80,000-yuan budget). The research be-
gan in 1997. It was easy to develop proposals, but the imple-
mentation proved difficult. The first experimental *bamboo
house” was constructed from January to April 1999. Its func-
tional layout was significantly improved, and its architectural
character retained the traditional hipped roof and part of the
raised floor. To reduce costs, a monolithic prestressed precast
reinforced concrete structure was adopted.

The aim of this experimental project was to conduct
an individual exploration into the modernization of Dai
bamboo houses from traditional forms [ 9]137-143. Upon
completion, it was well received by villagers and hailed as
the advent of the “third-generation bamboo house” (Fig-
ure 5), achieving the intended transition from second-gen-
eration timber-frame “bamboo houses” to third-generation
reinforced-concrete ones. In terms of livability, this exper-
imental “bamboo house” was assessed as having improved
from Level DI1—typical of villagers’ newly built dwell-
ings at the time—to Level Cl1.
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Figure 5 The first experimental newly built rural dwelling of the Dai in Xishuangbanna

(5a: Exterior; 5b: Interior; Sc: Floor plan of the first experimental building (200.25 m?); 5d: Partially elevated ground floor)

In retrospect, after the project was widely implemented in
numerous Dai villages, new problems arose: Dense clusters of
new “bamboo houses” emerged; although their livability had
improved compared to traditional bamboo houses, the overall
village environment regressed, becoming far less picturesque
than before. While population growth, land scarcity, and in-
creased building density were contributing factors, the pri-
mary causes were the lack of comprehensive planning,
neglect of environmental quality, ad hoc construction
practices, and inadequate regulatory oversight. “Ecological
livability” inherently encompasses the rural environment,
spatial organization, and built form in an integrated man-
ner. Therefore, the document jointly issued earlier by the
Ministry of Housing and Urban-Rural Development and
other departments, which states that “rural housing con-
struction should proceed in parallel with environmental
improvement, with attention to enhancing supporting serv-

ices and the village environment”, is entirely correct.

2.2 Conservation and restoration of Hani Mushroom hou-

ses in Yuanyang (2017-2019)

The issues to be addressed at the time included the
needs of poverty alleviation and dilapidated-house renova-
tion, strong demands for functional improvement, and the
constraints imposed by cultural-heritage conservation reg-
ulations. Since the authors carried out the first pilot main-

tenance and renovation project on a Hani mushroom house

[10] in 2015 in Azheke Village, located in the core zone
of the Honghe Hani Rice Terraces World Heritage Site, the
research team continued on-site conservation and restora-
tion work in Azheke from 2017 to 2019, from September
2018 to the end of 2019, on-site guidance was provided for
the restoration of 33 traditional residential buildings (this
project was shortlisted for the Architectural Achievement
Award of the WAACA in 2025) [ 11]. Following restora-
tion, structural safety—particularly in walls and roofs—
was significantly enhanced, yet the exterior appearance
was preserved unchanged. Indoor functions and environ-
mental quality were enhanced, and residents expressed
general satisfaction (Figure 6). These severely deteriorated
timber-and-earth mushroom houses represented the low-
income type of traditional dwellings and were still inhabit-
ed by residents. The residents had high expectations for
improvement. However, because Azheke Village is one of
the key villages in the core zone of the World Heritage
site, the houses were designated as “immovable cultural

”»

relics,” their repair was subject to numerous restrictions
on form, size, height, materials, and so on, which led to
many conflicts. Upon completion of the restoration, the
self-assessed livability level improved from Level D3 to
Level D1, but it still fell short of residents’ expectations

and remained far from true livability.

Figure 6 Conservation and restoration of Hani mushroom houses in Azheke Village, Yuanyang

(6a: Exterior before restoration; 6b: Exterior after restoration; 6¢: Interior before restoration; 6d: Interior after restoration)
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Reflecting on the project, the entire restoration
process was fraught with intractable tensions: These low-
income type traditional dwellings had very poor livability
and the residents had strong demands for improvement,
yet the status of the houses as “immovable cultural relics”
imposed numerous constraints. How should such contra-
dictions be resolved? (The issues raised here and below

will be further discussed in the next section.)

2.3 Implementation of newly built Yi Dwellings in Sanhe

New Village, Zhaojue, Sichuan (2018-2019)

The issues to be addressed at the time were as fol-
lows: Sanhe Old Village, a severely impoverished Yi vil-
lage in the Liangshan Mountains of Sichuan, was desig-
nated for relocation and reconstruction following a per-
sonal inspection by General-Secretary Xi Jinping on Feb-

ruary 11, 2018. This relocation was necessary for poverty

alleviation and carried special political significance. The
newly built rural dwellings were required to substantially
enhance living functionality while embodying a distinctive
new architectural character of Yi housing. Due to land
constraints, the new village was divided into two sections,
with a total of 29 newly built rural dwellings (Figure 7)
constructed along with tourism and public facilities. Ow-
ing to the previous extreme poverty and the special con-
struction conditions, the self-evaluated livability of the
newly built Yi dwellings improved markedly from Level
E1 (old village) to Level C2 (new village). Moreover, the
construction of Sanhe New Village, from planning to de-
sign, integrated newly built rural dwellings with the over-
all village environment, resulting in simultaneous im-
provement of both individual houses and the broader set-

tlement environment (Figure 8).

Figure 7 Newly built rural dwellings of the Yi in Sanhe Village, Zhaojue County, Sichuan (7a: Exterior; 7b: Interior)

Figure 8 Interior view of Point No. 2 in Sanhe New Village,

Zhaojue County, Sichuan

In retrospect, both projects were situated in impover-
ished regions. The former was in a key village within a
World Heritage core zone, and the latter benefited from the
special opportunity of a visit by the General Secretary.
Both received certain funding, which helped address liva-
bility issues to varying degrees. Yet how can livability
challenges in other impoverished villages and dwellings be
effectively addressed? And how should appropriate liva-

bility targets be established?

http: / www.viserdata.com/journal/jsa

3 Discussion of several issues related to livability of

dwellings
3.1 Setting livability goals and establishing standards

From the three cases discussed above, it is clear that
although all achieved improvements in livability, the ex-
tent of improvement and the final targets differed signifi-
cantly. Without clear goals set in advance, improvements
could only be made on an ad hoc basis. This is partly due
to differences in baseline conditions, objective constraints,
and funding levels, and partly because no formal livability
goals or standards have yet been established; localities re-
main in an exploratory phase. Without established goals
and standards, rural housing construction cannot be prop-
erly regulated, which is also a key problem in current rural
development.

When it comes to the goals of rural dwellings, they
are of course primarily constrained by economic capacity,

but they are also shaped by people’s aspirations and cul-
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tural influences. Since the pursuit of livability cannot usu-
ally be achieved in a single step, nor can it be frequently
adjusted, it is advisable to propose a range of target levels.
Moreover because current baseline conditions vary greatly,
this range should be relatively broader. We recommend
that, in the context of rural revitalization, the long-term
livability target for rural dwellings should reach the C-B
level, specifically C3-B1 (Figure 9). This represents a sub-
stantial improvement over the current E1-C1 levels of tra-
ditional dwellings and the D2-C1 levels of newly built ru-
ral dwellings. Given that low-income type dwellings ex-
hibit a significant gap from livability standards, each im-
provement cycle should strive for a larger improvement

step.

Figure 9 Recommended long-term livability target levels

As rural revitalization progresses, relatively unified
standards for the livability of dwellings should be estab-
lished. Such standards should undoubtedly address both
the overall village environment and the quality of individ-
ual dwellings. The former includes adequate infrastructure,
complete public facilities, and an attractive environment;
the latter includes sufficient floor area, well-designed
functional layouts, good spatial quality, and a pleasingar-
chitectural character. The indicator system for rural dwell-
ings should include land area, building area, functional
spaces, physical indicators such as sunlight, ventilation,
and daylighting, as well as the surrounding environment
and architectural character requirements. Quantitative re-
quirements for these indicators should be differentiated by
region (developed, moderately developed, and under-de-
veloped areas), by dwelling type (traditional or newly
built), and by time frame.

3.2 Livability challenges and special policies in impover-

ished areas

In low-income rural areas, a small number of villages

have been relocated to towns under major national pro-

jects, where livability issues are primarily addressed
through state investment and coordinated urban-level
planning. Another small number of villages have underg-
one consolidation, full relocation, or construction of new
settlements (such as Sanhe Village in Zhaojue County),
and these projects generally receive dedicated funding, en-
abling livability issues to be addressed to varying degrees.
The most challenging cases are the numerous low-income
type villages that remain in their original locations. Al-
though these villages are poor due to their remote moun-
tainous locations, some possess good ecological environ-
ments, distinctive ethnic cultures, and relatively intact tra-
ditional settlement patterns despite deterioration. Many are
highly valuable (such as rare ethnic-minority settlement
relics or scarce examples of unique dwelling types), and
some have been designated as national-level traditional
villages (such as Azheke Village in Yuanyang). These vil-
lages continue to exist naturally in their original locations,
yet their situation is the most precarious: Economic de-
cline has led to partial abandonment and increasing village
hollowing. Abandonment is neither feasible nor accepta-
ble; preservation suffers from inadequate awareness and,
more critically, insufficient funding—even national-level
traditional village subsidies fall short of conservation
needs. Development faces a shortage of skilled personnel
and no clear direction, with only a few able to leverage
tourism. Livability improvements in dwellings of these
villages rely primarily on residents’ own investment:
Low-income households cannot afford repairs, resulting in
deterioration and haphazard construction; wealthier house-
holds often demolish old houses and construct new ones at
will, thereby damaging traditional village character.

Such low-income type villages are fairly numerous in
certain provinces and represent the most challenging com-
ponent of rural revitalization: Preservation is difficult, de-
velopment is difficult, and achieving both simultaneously
is even more so. They are farthest from achieving livabili-
ty, making the attainment of livability goals particularly
arduous. For such low-income type villages, the authors
have long recommended the establishment of special poli-
cies with focused government support [ 12]. As demon-

strated in recent years, without the policies and measures
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of the national poverty-alleviation campaign, poverty is-
sues would have been extremely difficult to resolve. Spe-
cial policies include: Targeted support (distinctive desig-
nation, dedicated archives, and institutional pairing); tai-
lored measures (mobilizing internal capacity, providing
external assistance, and ensuring goal implementation);
and dedicated funding (special-purpose funds, social con-

tributions, and strictly earmarked use).

3.3 The Contradiction between livability and the restora-

tion of dwellings as “Immovable cultural relics”

In recent years, China has designated a number of
traditional villages and dwellings as “immovable cultural
relics” in accordance with the Guidelines for the Determi-
nation of Immovable Cultural Relics (Trial) (the “Guide-
lines” hereinafter) [ 13]. Some have even been classified
as national- or provincial-level cultural heritage protection
units (such as Wengding Wa Village in Cangyuan). This is
entirely appropriate and necessary for former residences of
notable figures or dwellings associated with historical e-
vents. However, for traditional dwellings still inhabited by
residents, it creates numerous problems that arise from the
fundamentally different attributes of “dwelling” and “cul-
tural relics.”

A “dwelling” is, by definition, “the residence of the
people.”[ 14 This is its essence and core. Its culture e-
merges from habitation: A courtyard inhabited by a family
becomes a vessel of family culture, and a village inhabited
by an ethnic group becomes a carrier of ethnic culture.
“Dwelling” is dynamic and changing. Living spaces inevi-
tably evolve with demographic shifts, economic develop-
ment, and environmental improvement. Traditional dwell-
ings themselves have developed through continuous
change and will continue to do so. In contrast, “cultural
heritage” must preserve historical authenticity and there-
fore should not change. The two concepts are theoretically
contradictory.

In practice, this contradiction manifests as the tension
betwe en residents’ demands to improve livability during
the restoration of “immovable cultural relics” dwellings
and the restrictions imposed by heritage-protection regula-
tions. In rural areas, beyond addressing structural safety,

material reinforcement, and roof repair, villagers often re-
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quest expanded functions, increased floor area, higher ceil-
ing heights, or improved appearance. Some of these re-
quests are reasonable from the perspective of enhancing
livability. Particularly in low-income type dwellings,
where houses are rudimentary, functions are mixed, locally
sourced and opportunistic materials are used, and con-
struction lacks standardized methods or norms, the gap be-
tween “tradition” and contemporary livability is substan-
tial, leading to strong demands for improved living condi-

tions. Yet some of these dwellings, due to their “distinc-

b ANTY i

tive form and style,” “representativeness,” or “typicality,”
or because they form part of a World Cultural Heritage
site, have been designated as “immovable cultural relics”
or even “cultural relics protection units.” The Law of the
People’s Republic of China on Protection of Cultural Rel-
ics stipulates: “The use of immovable cultural relics must
adhere to the principle of preserving their original condi-
tion, ensuring the safety of the building and its affiliated
relics, and prohibiting damage, alteration, additions, or
demolition.”[15] As a result, disagreements—and even
sharp confrontations—often arise between residents and
heritage-management or design personnel. When partici-
pating in the restoration of 33 mushroom houses in
Azheke Village, Yuanyang, we encountered such conflicts
every day and often had to adopt compromise solutions to
control the major issues while letting the minor ones go. It
can be said that every restored house was the result of mu-
tual compromise; otherwise, restoration would not have
been possible.

In response to the theoretical and practical contradic-
tions in restoring “immovable cultural relics” dwellings,
we propose the following three areas for discussion and
recommendation.

(1) Can relevant regulations be appropriately revised?

Traditional dwellings, as tangible cultural heritage,
require serious protection, but their designation as “im-
movable cultural relics” should be approached with cau-
tion. It is recommended that the Guidelines for the Deter-
mination of Immovable Cultural Relics (Trial) (2018) is-
sued by the National Cultural Heritage Administration be
appropriately revised. In Article 7, concerning traditional

dwellings, wording such as “designation may be permitted
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only under exceptional circumstances” and * generally
subject to strict control” should be added.

If traditional dwellings remain within the scope of
“immovable cultural relics”, it is recommended that Arti-
cle 26 of the Law of the People’s Republic of China on
Protection of Cultural Relics (2017 Revision )—which
states that “...prohibiting damage, alteration, additions, or
demolition ”—be supplemented with: “ For traditional
dwellings still in residential use, necessary alterations or
additions that respond to livability needs and do not im-
pair the integrity of core protected elements may be per-
mitted, provided that the proposed interventions undergo
rigorous review and formal approval, followed by strict o-
versight.”

(2) Can protection and utilization policies be appro-
priately adjusted?

For traditional dwellings already designated as “pro-
tected heritage units,” it is recommended that they should,
in principle, no longer serve residential functions (with a
few original residents allowed to remain as caretakers).
Their conservation and restoration should strictly follow
heritage-protection requirements, and the funding should
primarily be provided by the government.

For traditional dwellings designated as “immovable
cultural relics” but still in residential use, it is recommen-
ded that policy be adjusted to “safeguard cultural tradi-
tions and relic values while enabling incremental improve-
ments in livability”—that is, protection takes precedence,
but limited, incremental development is permissible.

0

The concepts and policies for “immovable cultural
relics” dwellings and “cultural relics protection units”
should be clearly distinguished and differentiated. It is
recommended that cases previously misclassified due to
conceptual ambiguity be re-evaluated and adjusted as ap-
propriate.

(3) Should restoration requirements be moderately re-
laxed?

&

Restoration requirements for “immovable cultural
relics” dwellings should be based on practical realities and
appropriately relaxed. In principle, exterior-appearance
protection should remain strict, while interior development

and modifications may be more flexible. Regarding height,

PN

scale, materials, and form, “minor changes,” “gradual ad-
justments,” and “progressive relaxation” should be al-
lowed when required for livability. Exterior restoration
should strive to maintain original appearance while distin-
guishing traces of different periods.

For low-income type dwellings with substantial liva-
bility gaps, it is recommended that requirements be further
relaxed. The Guidelines should provide overarching prin-
ciples, while specific restoration content and methods are
determined through on-site assessment, with post-comple-
tion documentation and archiving. Strict adherence to “no
alteration from the original” or “approval of drawings pri-
or to construction, followed by rigid compliance” is not

advisable.
Conclusion

“Livability” is both a core goal of rural revitalization
and an inherent aspiration of rural dwellings. Studying ru-
ral dwelling livability not only strengthens the policy
framework for rural revitalization but also addresses the
practical demands of contemporary rural housing con-
struction.

A standard for evaluating dwelling livability is nec-
essary. Building on prior research, we propose a “Hierar-
chical Reference Framework for Evaluating Rural Dwell-
ing Livability,” which serves as the basis for analyzing the
current state and challenges of traditional and newly con-
structed rural dwellings in China. This forms the founda-
tion of the present study.

Three prior projects led by the authors (covering both
traditional dwelling restoration and explorations of newly
built rural dwelling types) are briefly presented to critical-
ly reflect on livability-related issues, among which three
key issues constitute the focus of this paper.

Without defined goals and standards for livability, ru-
ral housing construction cannot be regulated, which is a
major problem in current rural development. Therefore,
the paper first discusses “the setting of livability goals and
the establishment of standards” and presents our recom-
mendations.

The greatest challenge to livability lies in low-income
type areas. This is the most significant insight from our re-

search, and we therefore propose that targeted policy sup-
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port is essential to address this issue.

The contradiction between livability and the restora-
tion of “immovable cultural relics” has been a frequent,
widespread, and pressing issue in recent practice—particu-
larly for low-income type dwellings. This paper therefore
focuses on analyzing these theoretical and practical ten-
sions and presents focused discussions and specific recom-
mendations concerning regulatory frameworks, policy ad-
justments, and restoration standards.

Addressing real issues, analyzing contradictions, sol-
ving problems, and promoting rural revitalization consti-
tute the purpose of this study. Preserving traditional char-
acter and transmitting traditional culture amid develop-
ment is not only a timeless principle for improving the
livability of traditional dwellings but also a high-quality
pursuit for the livability of newly built rural dwellings.
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ABSTRACT: Taking 263 traditional Chinese villages in Guangdong Province as the study sites and spatial accessibility as the core focus, this study
employs ArcGIS, the GWR model, web-crawling techniques, and other modern geographical analytical tools to provide an in-depth analysis of the
spatio-temporal evolution, processes, and determinants of spatial accessibility in traditional villages to conduct an integrated qualitative-quantitative
analysis. Furthermore, the GWR model is applied to examine the local effects and spatial spillovers of these determinants. The findings indicate that:
(1) From the Song to the Qing dynasties, the point-axis progressive development pattern of historical accessibility and historical routes is distinct. It
generally extends outward from Guangzhou along six major axes. (2) At present, spatial accessibility shows a concentric, stepwise decline from the
Pearl River Delta toward the surrounding areas. (3) The traditional settlement concepts of “living with mountains and waters” and the practical
needs of “transportation and commerce” have become key determinants of spatial accessibility. (4) GWR regression analysis shows that among the
determinants, the effect of elevation on accessibility weakens in concentric layers from the Pearl River Delta toward the surrounding areas; river
density shows clear inter-municipal clusters of positive and negative values; and the influence of road-network density varies considerably across
municipalities, and the regression coefficients increase outward from central Guangdong. Differences in spatial accessibility thus shape divergent
pathways for preservation and revitalization.

KEYWORDS: traditional villages; spatial accessibility; Guangdong Province; determinants; GWR model

Introduction composed of settlements associated with the Guangfu,

From December 2012 to June 2019, the Ministry of Hakka, and Chaoshan Han Chinese cultural groups, ac-

Housing and Urban-Rural Development, the Ministry of counting for about 88% of the total, reflecting the deep

Culture and Tourism, and other authorities designated five integration of Central Plains culture and Lingnan culture.

batches totaling 6,819 traditional Chinese villages, of In addition, a small number of minority villages are found
which 263 are located in Guangdong Province (hereinafter in areas such as Lianzhou City, Qingyuan.

referred to as “traditional villages in Guangdong Prov- Research on traditional villages in China initially fo-
ince”). The traditional villages in Guangdong are primarily cused on topics such astypical architecture, folk customs,
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and organizational systems. In recent years, the application
of theories and methods from cultural anthropology, cul-
tural geography, cultural ecology, and spatial sociology
has substantially expanded and deepened research into the
spatial dimensions of traditional villages. Major areas of
focus include [ 1-15]: spatial morphology and regional re-
construction (XI Jianchao et al., 2014; LI Hongbo et al.,
2015), spatial distribution and driving mechanisms (FENG
Yafen et al., 2017; KANG Jingyao et al., 2016), spatial pro-
duction and social change (ZHANG Jingxiang et al., 2014;
GUO Wen et al., 2015; YANG Guiqing et al., 2016), pro-
duction-living-ecological space and human settlements
(WANG Yuncai et al., 2011; LI Bohua et al., 2018), and
spatial memory and cultural revitalization (LU Long et al.,
2018; QIAN Lili et al., 2015; HU Zui et al., 2015). As a re-
sult, the holistic nature of village-space research has be-
come increasingly prominent. However, in-depth analysis
and interpretation of particular spatial characteristics re-
main insufficient. Regarding research methodology, there
is a growing trend to integrate qualitative and quantitative
approaches to analyze and interpret complex spatial phe-
nomena and underlying mechanisms. Among these, space
syntax and ArcGIS surface statistical analysis have been
widely applied in studies of traditional villages (TAO Wei
et al., 2013; LI Bohua et al., 2015). Yet they are insufficient
to fully explain the multidimensional human-environment
spatial coupling. The geographically weighted regression
(GWR) model, a key tool in spatial statistics, is a key tool
for the quantitative analysis of spatially varying relation-
ships (SONG Weixuan et al., 2017, ZHANG Yaojun et al,,
2012) and offers strong explanatory power for spatial pat-
terns. Building on this research context and trend, this
study adopts accessibility as a focal spatial attribute, and
employs ArcGIS, web-crawling techniques, and other
modern geographical analytical tools to conduct an in-
depth analysis of the spatio-temporal evolution, processes,
and determinants of spatial accessibility for 263 traditional
villages in Guangdong Province. Moreover, it uses the
GWR model to examine the local effects and spatial spill-
overs of the determinants. On one hand, this approach of-
fers a new analytical perspective on traditional villages in

Guangdong Province and deepens research on their spatial
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characteristics. On the other hand, as accessibility is cruci-
al to the formation of traditional villages, the preservation
of their traditional features, and the formulation of future
protection strategies, accessibility research can thus pro-
vide a critical foundation for classifying, protecting, and

revitalizing traditional villages.

1 Data sources and research methods

1.1 Data sources

The list of 263 traditional villages in Guangdong
Province, covering the first to fifth batches, was obtained
from the website of the Ministry of Housing and Urban-
Rural Development (MOHURD) of the People’s Republic
of China. The latitude and longitude coordinates of these
villages were obtained by geocoding village names in
Baidu Map, followed by coordinate correction. Historical
road data were sourced from the Historical Atlas of
Guangdong [ 16]. River-network and road-network spatial
data were obtained from the latest vector datasets provided
by the National Geomatics Center of China (NGCC). Cur-
rent accessibility was measured using the shortest real-
time driving time obtained from Baidu Map. The primary
data were processed, quantified, and analyzed using spatial
tools in ArcGIS 10.2, including raster mosaicking, table

joining, and data extraction.
1.2 Research methods

A quantitative analysis of traditional Chinese villages
in Guangdong Province was conducted, employing kernel
density estimation, nearest neighbor analysis, and the geo-
graphic concentration index to characterize their spatial
distribution patterns. The spatio-temporal evolution of his-
torical accessibility was analyzed using cost-distance mod-
eling and raster overlay techniques. Current accessibility
levels of individual traditional villages were assessed u-
sing real-time travel time data from Baidu Map and an ac-
cessibility assessment model. To analyze the determinants
of spatial accessibility, line density was employed to re-
present river and road network densities, and their associa-
tions with accessibility were examined; raster-based re-
classification was used to examine how terrain elevation
and slope relate to accessibility; finally, the geographically
weighted regression (GWR) model was adopted to identify
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the key determinants of spatial accessibility in traditional

villages and quantify their spatially varying effects.

2 Spatial distribution characteristics of the traditional

villages in Guangdong Province

2.1 Spatial distribution density of the traditional villages

The 263 traditional villages in Guangdong Province
were abstracted as point features and visualized using ker-
nel density estimation (KDE), a method that estimates the
spatial intensity of geographic phenomena across a region.

After iterative adjustment, a bandwidth of 180 km was se-

lected to generate the kernel density map of the traditional
villages (Figure 1). The analysis indicates that the spatial
distribution is uneven, with two primary clusters—mnorth-
eastern Meizhou and the Guangzhou-Foshan border re-
gion—and two secondary clusters—the Chaozhou-Shantou
border region and northwestern Qingyuan. In contrast, are-
as such as Maoming, Yangjiang, and Yunfu contain only a
few sparsely scattered villages. Overall, the traditional vil-
lages display a dumbbell-shaped pattern, with major con-
centrations in the central Pearl River Delta and northeast-

ern Guangdong.

Figure 1 Kernel density analysis of traditional villages in Guangdong Province

2.2 Types and degrees of spatial distribution of the tradi-

tional villages

The spatial distribution type of the traditional villages
was determined using nearest-neighbor analysis, a geo-
graphic measure reflecting the proximity of point features
in space. Calculations show that the theoretical nearest-
neighbor distance (i.e., expected under random distribu-
tion) is 18.66 km, while the observed distance is 16.97 km,
yielding a nearest-neighbor index of (R= 0.90). Since (R<
1), this indicates a clustered spatial distribution.

A municipal-level statistical analysis was conducted

for the traditional villages (Figure 2). With 263 traditional

villages (T= 263) across 21 prefecture-level cities (n= 21),
the calculated geographic concentration index is (G= 35.94),
whereas the expected index under even distribution is
(G0= 10.45). As (G> GO0), this confirms that, at the munic-
ipal scale, the villages aresignificantly concentrated, main-
ly in Meizhou, Qingyuan, and Foshan.
3 Spatio-temporal evolution of spatial accessibility in
the traditional villages

Accessibility research in traditional villages assesses
the ease of access to villages. On one hand, historical spa-
tial analysis helps reveal the relationship between accessi-

bility and village siting. On the other hand, accessibility
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influences the socio-economic development of villages and
the preservation of traditional culture: Villages with high
accessibility are more susceptible to urbanization and in-
dustrialization, whereas villages with limited transport

connectivity experience fewer external influences, facilita-

ting cultural preservation and continuity. By conducting a spa-
tial analysis of current spatial accessibility, the study provides
an overall understanding of present conditions and ranks all
263 villages according to accessibility, thereby supporting tai-

lored strategies for their protection and revitalization.

Figure 2 Municipal-level statistics of traditional villages in Guangdong Province

3.1 Analysis of the evolution of historical spatial accessi-

bility

Based on the founding years of each traditional vil-
lage, the study examines the spatio-temporal evolution of
historical accessibility. In assessing spatial accessibility,
some scholars argue that roads, riverbanks, water bodies,
and land-use types are key factors influencing travel costs
[17]. Considering the characteristics of the study area, this
study adopts the principle that accessibility increases with
proximity to historical land and water routes and with
lower elevation and gentler slopes. Accordingly, three e-
valuation factors—historical land and water routes, terrain
elevation, and terrain slope—were selected to analyze his-
torical accessibility. Accessibility associated with histori-
cal routes was determined based on the distance from the
raster cell representing each village to historical routes. In
ArcGIS 10.2, multiple buffer zones of 5 km, 10 km, 20 km,
40 km, and 100 km were created and raster values were reclas-
sified, with scores assigned from 5 (lowest accessibility) to 1
(highest accessibility). Elevation and slope were evaluated u-
sing a similar scoring method (Table 1). For comparison, acces-
sibility values were normalized and classified into five levels,
from Level 1 (highest) to Level 5 (lowest).

The analysis demonstrates that from the Song to the
Qing dynasties, historical accessibility and historical

routes exhibited a clear point-axis progressive develop-
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ment pattern, with accessibility having gradually expanded
outward from Guangzhou along six primary axes (Figure
3): Guangzhou-Dongguan-Huizhou-Chaozhou; Guangzhou-
Huizhou-Heyuan-Meizhou; Guangzhou-Shaoguan; Guangzhou-
Qingyuan; Guangzhou-Foshan-Zhaoqing-Yunfu; and Guan-
gzhou-Foshan-Jiangmen-Zhanjiang. Accessibility had ex-
panded along these axes across successive dynasties, ac-
companied by the continuous enlargement of core high-ac-
cessibility zones. From the Song to the Qing dynasties,
Level 1 (highest) accessibility areas expanded significant-
ly, evolving from linear belts into planar regions. By the
Ming dynasty, Level 1 (highest) areas had already covered
most of Guangzhou, Foshan, Dongguan, and Zhongshan,
while low-accessibility regions continued to recede. His-
torically, Guangzhou and Foshan featured dense road net-
works and have long served as major commercial corri-
dors; consequently, they exhibited comparatively high vil-
lage accessibility. In the Song dynasty, low-accessibility
zones were primarily located in the mountainous regions
of Qingyuan, Heyuan, and Huizhou. By the Qing dynasty,
most of these areas had been incorporated into Level 1
(highest) to Level 3 accessibility zones. However, due to
rugged terrain, the areas around Qingyun and Jiulian
Mountains in Heyuan, Qiwei and Luoke Mountains in
Qingyuan, and Yunwu Mountain in Yunfu remained per-
sistent low-accessibility zones, where traditional villages

are sparsely distributed.
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Figure 3 Six-axis expansion and evolution of spatial accessibility in traditional villages in Guangdong Province

Table 1 Evaluationfactors, classification, and scoring for historical spa-

tial accessibility of traditional villages in Guangdong Province

Evaluation Factor Classification Score
Distance at 0-2 km 5
Distance at 2-5 km 4
Historical land/ Distance at 5-10 km 3
water routes
Distance at 10-20 km 2
Distance at 20-50 km 1
Elevation below 100 m 5
Elevation at 100-200 m 4
Terrain elevation Elevation at 200-400 m 3
Elevation at 400-800 m 2
Elevation above 800 m 1
Slope at 0°-7° 5
Slope at 7°-15° 4
Terrain slope Slope at 15°-30° 3
Slope at 30°-40° 2
Slope above 40° 1

The study further reveals that historical accessibility
exerted a leading effect on the establishment of traditional
villages. From the Song to the Qing dynasties, accessibili-
ty continuously improved, and a significant construction
boom of traditional villages in Guangdong occurred dur-
ing the Ming dynasty. As a result, the enhancement of re-

gional accessibility served as a strong attractor for village

siting and establishment. This leading effect is particularly
evident in Hakka traditional villages in parts of Meizhou,
Heyuan, and Qingyuan (Figure 4).

3.2 Analysis of current spatial accessibility

Current spatial accessibility of Guangdong’s traditional
villages was assessed using real-time shortest travel times from
each village to all prefecture-level cities, extracted via the web-
crawling tool “Octoparse” from Baidu Maps. Given real-world
constraints—including real-time traffic conditions, road infra-
structure quality, traffic signal delays, and congestion—this re-
al-time approach yields a more accurate and realistic estimate
of village accessibility [ 18].

Accessibility values for all 263 traditional villages
were computed using Formulas (1) and (2) [19] and sub-
sequently standardized to a 0-1 scale (Table 2). The results
show that the mean travel time is 256.18 minutes, indica-
ting overall low accessibility with substantial inter-city
disparities. The accessibility ranking reveals that the top
ten villages are all located in Guangzhou and Foshan—for
instance, Langjin Village (Foshan), Zhonglou Village
(Guangzhou), and Dagqitou Village (Foshan)—demonstra-
ting that the Guangzhou-Foshan metropolitan region ex-
hibits the highest accessibility. In contrast, villages in
Zhanjiang generally show the poorest accessibility, fol-

lowed by those in Meizhou; notably, the six lowest-ranked
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villages are all situated in Zhanjiang, including Zhoujia,

Tiaoming, and Qingtong Villages.

Figure 4 Historical accessibility and the development of traditional villages

Table 2 Current spatial accessibility ranking of traditional villages in Guangdong Province

Ranking Name Spatial Accessibility Ranking Name Spatial Accessibility
1 Langjin Village, Foshan 1.0000 254 Shangmu Village, Meizhou 0.1612
2 Zhonglou Village, Guangzhou 0.9922 255 Shangzhang Village, Meizhou 0.1608
3 Dagitou Village, Foshan 0.9883 256 Guanxin Village, Zhanjiang 0.1419
4 Xinwei Village, Guangzhou 0.9875 257 Gongxia Village, Meizhou 0.1170
5 Julong Village, Guangzhou 0.9845 258 Chaoxi Village, Zhanjiang 0.1080
6 Huangpu Village, Guangzhou 0.9845 259 Egan Village, Zhanjiang 0.0769
7 Gualing Village, Guangzhou 0.9804 260 Donglin Village, Zhanjiang 0.0698
8 Tangnan Village, Foshan 0.9720 261 Qingtong Village, Zhanjiang 0.0550
9 Langtou Village, Guangzhou 0.9687 262 Tiaoming Village, Zhanjiang 0.0207
10 Gangtou Village, Guangzhou 0.9648 263 Zhoujia Village, Zhanjiang 0.0000
Kriging interpolation was further applied to examine the K= (maxK;- K;)/(maxK;- maxK;) 2

overall spatial pattern of current accessibility across Guang-
dong’ s traditional villages (Figure 5). The results reveal a
concentric, stepwise decrease in accessibility radiating out-
ward from the Pearl River Delta. High-accessibility zones are
concentrated in central regions, including Guangzhou, Fos-
han, Dongguan, Zhongshan, and Huizhou; whereas peripher-
al and border areas such as Zhanjiang, Meizhou, Qingyuan,
and Shaoguan exhibit markedly lower accessibility. Notably,
the current spatial accessibility pattern closely resembles that

of historical accessibility.
l n
K= — 2JE, (1)
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I=j=m I=j<=m

Where K; denotes the raw accessibility of traditional vil-
lage j, n is the number of prefecture-level cities, and E; repre-
sents the shortest travel time from village j to city i. The stand-
ardized accessibility value is also denoted as K;. m represents
the “number of traditional villages” in the study area.

4  Analysis of factors influencing spatial accessibility

of the traditional villages
4.1 Village site selection and spatial accessibility

4.1.1 Landscape pattern

For traditional villages, the residential environment

and local landscape patterns are critical factors in site se-
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lection. They influence geomantic principles and play de-
cisive roles in production, daily life, defense, and mitiga-
ting natural hazards. The dominant ethnic groups in
Guangdong—Guangfu, Hakka, and Chaoshan—are de-
scendants of Han migrants from the Central Plains. Fleeing
prolonged warfare, they undertook arduous southward mi-
grations into remote frontier regions, carving out settle-

ments through immense hardship. Their primary goal was

to secure stable livelihoods by adapting to and leveraging
local natural conditions. The micro-geographic ideal of
“living with mountains and waters” has become a shared
guiding principle for traditional village siting in Guang-
dong. Consequently, landscape pattern is regarded as the
primary factor influencing spatial accessibility. To prelimi-
narily explore its spatial mechanisms, three proxy varia-

bles—elevation, slope, and river density—were selected.

Figure 5 Kriging interpolation map of current spatial accessibility for traditional villages in Guangdong Province

Elevation (Figure 6) was first used to assess topo-
graphic influence. The analysis indicates that northern and
eastern Guangdong feature higher terrain, where villages
are nestled within mountainous areas and relatively isola-
ted from external interference, resulting in lower spatial
accessibility. In contrast, traditional villages in the Pearl
River Delta occupy low-lying terrain and generally exhibit
higher accessibility. Using raster extraction techniques, el-
evation values were obtained for all villages: The highest
(753.98 m) occurs at Dazhang Village, Daping Town, Lian-
nan Yao Autonomous County, Qingyuan; the lowest
(-12.22 m) is recorded at Donglin Village, Nanxing Town,
Leizhou City, Zhanjiang—a substantial elevational range.
Subsequently, slope values were extracted, ranging from 0°
to 21° (mean = 2.30°). Dazhang Village again registers the
steepest slope, while Huayao Community, Longtian Town,

Chaonan District of Shantou, exhibits the gentlest. Cross-

referencing these metrics with accessibility rankings re-
veals that villages with higher elevation and steeper slopes
tend to have lower accessibility, indicating that topography
partially constrains access [20].

Traditional village siting in Guangdong exhibits a
pronounced dependence on river systems. Line-density a-
nalysis of major rivers (Figure 7) shows that areas with high
village density often coincide with regions of high river densi-
ty—particularly in Foshan, Zhongshan, Meizhou, Qingyuan,
and Shantou. Notably, traditional villages in the Tanjiang
Basin (in Zhongshan), Meijiang Basin (in Meizhou),
Rongjiang Basin (in Shantou), and Lianjiang Basin (in
Qingyuan) demonstrate strong spatial coupling with their
respective river networks. Integrating this finding with the
Kriging-based accessibility map (Figure 5), both the densi-
ty and proximity of nearby rivers areassociated with high-

er village accessibility.
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Figure 6 Overlay of traditional villages and elevation in Guangdong Province

Figure 7 Overlay of traditional villages and river density in Guangdong Province

4.1.2 Transportation and commerce

Over time—particularly since the Ming and Qing dynas-
ties—regional economies in Guangdong have steadily devel-
oped, accompanied by continuous improvements in both land
and water transportation infrastructure. Settlements situated a-

long major routes gradually flourished, giving rise to a distinct
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category of transportation-and commerce-oriented villages. In
the Pearl River Delta, the dense road network contributes
to generally high spatial accessibility of traditional villa-
ges. By contrast, in the mountainous regions of northern
and eastern Guangdong—where arable land is scarce—

many villages emerged along key historical post roads and
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rural thoroughfares, leveraging transport advantages to
“engage in trade widely despite limited farmland.” This
pattern aligns closely with the previously analyzed spatial
association between traditional villages and historical road
networks.

A line-density analysis of major roads was per-
formed, and road density was classified into five levels u-
sing the Jenks natural breaks classification method, with
Level 1 denoting the highest density and Level 5 the low-
est. Village distribution across these levels reveals a clear
gradient: 7 villages in Level-5 areas, 13 in Level-4, 38 in
Level-3, 77 in Level-2, and 128 (48.67% ) in Level-1 zones.
Notably, nearly half of all traditional villages are located
in the highest road-density areas. Overlaying this classifi-
cation with the village accessibility map confirms a strong
correspondence between road-network density and spatial
accessibility: Villages in better-connected areas consistent-

ly exhibit higher accessibility levels.

4.2 Analysis of accessibility determinants based on the

GWR model

4.2.1 Classical OLS linear regression

The accessibility score (Y) of each traditional village
was specified as the dependent variable, with five explana-
tory variables: Elevation (X1), river density (X2), mini-
mum distance to the nearest water body (X3), road-net-
work density (X4), and slope (X5). An ordinary least
squares (OLS) regression model was constructed (Table 3).
All variance inflation factor (VIF) values were well below

the common threshold of 7.5,indicating no serious multi-

collinearity, and the Jarque-Bera test for residual normality
yielded non-significant results. The regression results indi-
cate that elevation, river density, and road-network density
significantly influence village accessibility, with elevation
and road-network density significant at the 1% level. To
further investigate the spatially varying impacts of terrain,
hydrological networks, and transportation infrastructure on
accessibility, a (GWR) model is employed in the following
section to capture local parameter heterogeneity and po-

tential spatial spillover effects.
422 Parameter estimation of the GWR model

(1) Basic GWR model

The GWR model extends the conventional OLS re-
gression framework by explicitly accounting for spatial
heterogeneity in regression coefficients. Grounded in a
solid theoretical foundation, GWR relaxes the global sta-
tionarity assumption of traditional linear regression and
enables the estimation of location-specific relationships. It
is particularly effective at capturing local spatial non-sta-
tionarity and potential spillover effects of explanatory var-

iables [ 19]. The basic formulation is as follows:
yi= Bﬂ(uia Vi)+ Eﬁm(uis Vi)Xim + € (3)

where (Yi) denotes the spatial accessibility value of the
traditional village at location (i); (Xim) represents the value of
the (m)-th explanatory variable at location (i); (u;, v;) are the
projected coordinates of location (i); (8o (u;, v;)) is the loca-
tion-specific intercept; (Sm(ui, vi)) denotes the local regression
coefficient for the (m)-th explanatory variable; and (ei) is the

random error term at location (i).

Table 3 OLS regression results for spatial accessibility levels of traditional villages in Guangdong Province

Model parameter Coefficient T-value P-value Standard deviation VIF
Intercept 0.479262 8.327723 0.000000" 0.05755 —
Elevation -0.000584 -4.460519 0.000015" 0.000131 1.873205

River density 0.135372 2.146143 0.032799" 0.063077 1.088187
Minimum distance to nearest water body -0.00005 -1.137354 0.256459 0.000044 1.14038
Road-network density 0.77827 6.354451 0.000000" 0.012248 1.280014
Slope 0.007715 1.156613 0.248515 0.00667 1.707599
R? 0.3099586
Adjusted R? — — 0.295995 — —
Jarque-Bera Test — — 4.996988 — —
AlCc -59.816308
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For spatially autocorrelated data, the GWR model typical-
ly yields smaller residuals than the classical OLS model. By as-
signing a unique set of coefficients to each observation, GWR
captures local spatial non-stationarity, which can be visualized
through coefficient maps in ArcGIS.

(2) Parameter regression analysis of the GWR model

The results show that the GWR model yields an AICc
value 0f-318.552 (Table 4), which is substantially lower
than that of the OLS model (-59.816). The overall good-
ness-of-fit (R) increases markedly from 0.295995 under the
OLS model to 0.759459 under the GWR model—an im-

density, and road-network density share consistent signs and
comparable magnitudes, suggesting broadly uniform effects on
spatial accessibility. The mean coefficients reflect average mar-
ginal contributions, ranked as: Road-network density> river den-
sity> elevation. However, the marginal effects of the ex-
planatory variables exhibit directional differences under
different spatial conditions. These local variations are il-
lustrated through the visualization of regression results
(Figure 8).

Table 4 GWR model parameter estimates for spatial accessibility levels of

traditional villages in Guangdong Province

provement of nearly 46% . These results demonstrate the Model parameter Parameter value
superiority and necessity of the GWR model in the present Bandwidth 8011030368
spatial accessibility analysis. AlCe 318.552267
Local regression results for factors influencing the spatial Sigma 0-124056
accessibility of traditional villages in Guangdong (Table 5) R 0.795724
show that the median and mean coefficients for elevation, river Adjusted R 0.759459
Table 5 Quintile summary of GWR coefficients for spatial accessibility levels
Determinant Minimum Upper quartile Median Lower quartile Maximum Mean Test
Elevation -0.00285 -0.00136 -0.00063 -0.00020 0.00033 -0.00080 0.00
River density -0.35982 -0.00476 0.02870 0.14940 0.43465 0.06582 0.01
Road-network density -0.34248 0.02153 0.12167 0.21037 0.94143 0.12743 0.00

D Influence of elevation on spatial accessibility

The influence of elevation on the spatial accessibility
of traditional villages in Guangdong generally exhibits a
concentric weakening pattern radiating outward from the
Pearl River Delta, showing an inverse coupling with the
regional topography that rises progressively toward east-
ern, western, and northern Guangdong. Except in peripher-
al areas of northern and eastern Guangdong, elevation is
predominantly negatively associated with accessibility—
indicating that mountainous terrain generally impedes vil-
lage accessibility across most of the province. However,
the magnitude of this effect is relatively weak. The nega-
tive impact of elevation on accessibility is weaker in
Guangzhou, Foshan, Dongguan, and Zhongshan (regres-
sion coefficients close to zero), whereas in northwestern
Qingyuan, northern Shaoguan, and northeastern Meizhou,
the coefficients are close to zero or marginally positive.
When considered alongside the spatial clustering of tradi-
tional villages, elevation shows directional differences in

its impact between the densely populated Pearl River Delta
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and Meizhou regions, with strong internal homogeneity
and spatial autocorrelation within each. A similar spatial
pattern is observed in the analysis of road-network density.
Overall, the influence of elevation on accessibility is spa-
tially non-uniform.

@ Influence of river density on spatial accessibility

River density influences the spatial accessibility of
traditional villages in Guangdong through a clear inter-
municipal division of positive and negative effects. Posi-
tive associations are observed in Qingyuan and Shaoguan
(northern Guangdong) and in Meizhou, Jieyang, and Shan-
tou (eastern Guangdong), whereas negative associations
occur in western Guangdong, the southern coastal cities of
the Pearl River Delta, Foshan, and Heyuan. The highest re-
gression coefficients are concentrated along the provincial
border areas of eastern, western, and northern Guangdong.

@ Influence of road-network density on spatial ac-
cessibility

The influence of road-network density on the spatial

accessibility of traditional villages varies markedly across
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municipalities, with regression coefficients generally in-
creasing from central Guangdong toward the periphery.
Negative coefficients are primarily observed in Heyuan
and Zhaoqing. High positive impacts are concentrated along
the western and northern border regions. Notably, in the north-
ern border area, elevation, river density, and road-network den-
sity exhibit concurrent high positive coefficients—reflecting a

spatial coupling of their positive influences. In the western bor-

der region, road-network density is the primary determinant a-
mong the three: A one-unit increase in road-network density
raises the normalized accessibility score by approximately
0.94143, indicating a substantial improvement in accessibility.
By contrast, Guangzhou, Foshan, and Jiangmen exhibit
low absolute regression coefficients, suggesting that acces-
sibility in these well-connected areas is relatively insensi-

tive to further increases in road-network density.

Figure 8 Spatial distribution of GWR regression coefficients for elevation, river density, and road-network density

5 Conclusions and discussion

5.1 Conclusions

As of June 2019, 263 traditional villages in Guang-
dong Province were listed in the officially published na-
tional register. At the provincial scale, their spatial distri-
bution is uneven, forming a dumbbell-shaped concentra-

tion pattern between central Pearl River Delta and north-

eastern Guangdong. At the municipal scale, the villages
are primarily concentrated in Meizhou, Qingyuan, and
Foshan. This study employs modern geographic analytical
tools and methods to conduct an in-depth analysis of the
spatio-temporal evolution, processes, and determinants of
spatial accessibility for these 263 traditional villages, and
applies the GWR model to investigate local effects and

spatial spillovers of accessibility-related factors. The anal-
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ysis reveals that:

(1) From the Song to the Qing dynasties, historical
accessibility and historical road networks exhibited a clear
point-axis progressive development pattern, radiating out-
ward from Guangzhou along six major axes. By the Ming
dynasty, Level-1 accessibility areas already covered most
of Guangzhou, Foshan, Dongguan, and Zhongshan.

(2) The average shortest travel time from each traditional
village to all prefecture-level cities is 256.18 minutes, indicating
generally low spatial accessibility with significant inter-munici-
pal variation. Villages in the Guangzhou-Foshan area exhibit
the highest spatial accessibility, whereas those in Zhanjiang and
Meizhou rank lowest. Current spatial accessibility displays a
concentric, stepwise decline from the Pearl River Delta toward
surrounding regions, closely resembling the historical spatial
accessibility pattern.

(3) In analyzing the determinants of spatial accessi-
bility, the dominant Guangfu, Hakka, and Chaoshan popu-
lations—descendants of Han migrants from the Central
Plains—share settlement ideals such as “ living with
mountains and waters” and practical demands for “trans-
portation and commerce,” both of which significantly in-
fluence spatial accessibility. Coupling these factors with
village spatial distribution using ArcGIS 10.2 further con-
firms the associations between spatial accessibility and el-
evation, slope, river density, and road-network density.

(4) Finally, local regression analysis using the GWR
model reveals that elevation, river density, and road-net-
work density exert broadly consistent effects on spatial
accessibility, with their relative contributions ranked as:
Road-network density>river density>elevation. However,
the marginal effects of each factor exhibit directional het-
erogeneity across space. Specifically, the influence of ele-
vation on spatial accessibility weakens concentrically from
the Pearl River Delta toward surrounding regions; river
density displays distinct inter-municipal zones of positive
and negative effects; and road-network density shows
marked inter-municipal variation, with regression coeffi-
cients increasing from central Guangdong toward periph-

eral areas.
5.2 Discussion
Under China’ s national rural revitalization strategy,
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traditional villages face unprecedented opportunities and
challenges. Villages with high spatial accessibility, such as
those in the Guangzhou-Foshan area, benefit from conven-
ient living conditions and strong social vitality, enabling
them to leverage cultural tourism for socio-economic revi-
talization. However, their traditional cultures are more vul-
nerable to modern production and lifestyle pressures, in-
tensifying the tension between preservation and develop-
ment. In contrast, villages with low spatial accessibility,
such as those in Zhanjiang and Meizhou, experience less
impact from urbanization and industrialization, which
helps preserve agrarian culture and traditional rural life.
Yet, poor transportation access and inadequate infrastruc-
ture contribute to severe depopulation, aging, and low vi-
tality. Revitalization in these areas should prioritize impro-
ving residents’ living conditions while safeguarding tradi-
tional living landscapes. Differences in spatial accessibility
thus shape divergent pathways for preservation and revi-
talization.

This study assesses current spatial accessibility using
real-time driving data and does not consider newer trans-
port modes such as high-speed rail. As China’s transport
network continues to evolve, the spatial accessibility of
traditional villages will change dynamically—a key direc-

tion for future research.

Sources of Figures and Tables
All figures and tables in this paper are prepared by the au-

thors.
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ABSTRACT: This study investigates the determinants of Green Construction Finance (GCF) adoption within Kenya’s construction sector, address-
ing the significant implementation gap between sustainable policy and actual practice. Utilizing a survey design, data were collected from 55 regis-
tered property developers and analyzed through Confirmatory Factor Analysis (CFA) and Partial Least Squares Structural Equation Modelling (PLS-
SEM). The results reveal an infant GCF ecosystem, with actual adoption at a mere 1.03% despite high conceptual willingness (98% ) among devel-
opers. The measurement model evaluates eight key determinants: Awareness, accessibility, institutional, financial, environmental, technical, risk, and
socio-cultural factors. Critically, the analysis identifies a lack of discriminant validity among these constructs, suggesting they function as an inter-
connected “barrier bundle” rather than independent drivers. The low explanatory power of the model (R*= 0.06) indicates that adoption is currently
constrained by systemic market failures or factors beyond traditional linear determinants. The study concludes that piecemeal policy interventions
are insufficient; instead, a holistic strategy is required to address the monolithic obstacles formed by regulatory, financial, and risk-related hurdles.
Methodologically, it recommends that future research adopt higher-order constructs to better capture the complex reality of sustainable finance in e-
merging economies.
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Introduction capture only 3% of sustainable investment flows [ 61 ].

The global construction and built environment sectors In Kenya, the transition toward a green economy is

are at a critical juncture in the pursuit of the United Na- supported by a robust legal framework, including the

tions’ 2030 Agenda for Sustainable Development. As of Green Building Code (2022) and the Climate Change

2024, the building sector remains a primary driver of the Green and Resilient Buildings Regulations 2023, which

. . . . 0 )
climate crisis, accounting for approximately 32% of glob aim to establish a specialized unit to oversee green build-

1 ti d tributing to 34% of global . e .
al energy consumption and contributing to 34% of globa ing certification and rating systems[ 14] Furthermore, the
CO, emissions [ 62]. Despite a record-high $ 8.2 trillion in . . _ .

. ) ) Finance Act 2023 has introduced incentives such as zero-
global sustainable finance in 2024, a 17% increase from
. . . rated import duty and the removal of VAT on renewable
the previous year, a stark geographical imbalance persists;

over 90% of clean energy investment since 2021 has oc- energy components to de-risk green adoption for develop-

curred in advanced economies, while Africa continues to ers [47].
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However, a significant “implementation gap” exists.
Recent empirical evidence [ 42] indicates that GCF uptake
in Kenya is extremely low, averaging only 1.06% of pro-
jects among architects and developers. Based on that study,
while 98% of developers express a willingness to recom-
mend GCF, the actual adoption is stifled by high invest-
ment costs and a lack of domestic capital. This study seeks
to bridge this gap by establishing a measurement model
that evaluates the determinants of GCF adoption and ad-
dresses the systemic “barrier bundles” that characterize

the Kenyan construction landscape.

1 Literature review

1.1 Concept of green finance

The discourse on green financing is presently vigor-
ous. ‘Financing green’ and ‘greening finance’ are two
more terminology now employed to describe this concept.
The former pertains to the funding of initiatives that either
contribute to or aim to enhance the conservation, restora-
tion, and sustainable utilization of biodiversity and its
services for humanity [ 57]. Simultaneously, ‘ greening fi-
nance’ aims to redirect financial resources from projects
detrimental to biodiversity and ecosystems into initiatives
that either reduce adverse effects or achieve positive envi-
ronmental outcomes as an ancillary benefit. These princi-
ples are interrelated and facilitate a response to the climate
challenge by offering a chance for enhanced coherence
and depth in endeavors to restore ecosystems [ 15].

A precise and universally accepted definition of
green finance does not exist. Most papers on the issue ei-
ther fail to provide a definition or present significantly di-
vergent definitions [ 38 ], Hohn et al. (2022) [22] define
green finance as a comprehensive phrase encompassing fi-
nancial investments aimed at sustainable development ini-
tiatives, projects, goods, and policies. Zadek and Flynn
(2014) [77] contended that green finance and green in-
vestment are interchangeable terms, albeit the former en-
compasses a broader range, including operating expenses
related to green investments. In the banking sector, green
finance refers to financial products and services that incor-
porate environmental considerations in lending decisions,
post-implementation monitoring, and risk management,

aimed at promoting environmentally responsible invest-

ments and supporting low-carbon technologies, industries,
projects, and enterprises [ 59]. Green finance refers to fi-
nancial activities that foster improved environmental and
sustainable results through the utilization of diverse finan-
cial instruments, including loans, debt structures, and var-
ied investments [ 37]. Green financing refers to an invest-
ment or loan that supports environmentally beneficial ac-
tivities, like the acquisition of sustainable products and
services or the development of green infrastructure [ 33,
66].

Green finance can be delineated into three compo-
nents: (i) the funding of private and public green invest-
ments, (ii) the financing of public policies that promote the
execution of environmentally sustainable projects and ini-
tiatives, and (iii) elements of the financial system that spe-
cifically address green investments, encompassing their

distinct legal, economic, and institutional frameworks.
1.2 Green construction project financing

Notwithstanding the favorable reports on green
buildings, the construction research community has yet to
comprehensively design, examine, and advocate for opti-
mal financing methods that correspond with this revolu-
tionary building paradigm [ 5]. The authors contend that
green construction continues to rely on conventional pro-
ject financing models, which are misaligned with the fun-
damental principles of green building, alongside various
legislative and practical constraints [ 47]. Moreover, the
green building model is still in its developmental stages in
vast parts globally, and research on it remains limited, in-
cluding the suitable financing models such as green fi-

nance tailored for green buildings [ 75].
1.2.1 Global perspective
Persefoni (2024) [ 49] reports that from 2012 to 2021,

worldwide green financing increased over 100 times, rising
from $ 5.4 billion to $ 540 billion. This expansion is some-
what ascribed to the increasing acknowledgment of several
environmental concerns, particularly the climate catastro-
phe. Both foreign and domestic private capital is progres-
sively being directed towards green development world-
wide. Between 2017 and 2021, green loan finance experi-
enced a twentyfold increase, rising from approximately
$ 10 billion to a peak of $230 billion [ 70]. Green bonds

http: / www.viserdata.com/journal/jsa



86  Shadrack Mutungi Simon, Dorcas Mutheu Musingi, James Ouma Okaka/Journal of South Architecture 1:(2026) 84-106

constituted approximately 70 percent of that financing;
Yet, certain developing debt instruments, like green sus-
tainability bonds and loans, have been witnessing more
rapid growth [27].

Equity instruments are rarely utilized, while Real Es-
tate Investment Trusts (REITs) provide the capacity to en-
hance the financing of sustainable construction and opera-
tions [ 23]. Innovative green finance instruments, such
carbon retirement portfolios and transition bonds, are al-
most absent in developing nations [ 69]. These countries
are mostly excluded from the increasing influx of private
green finance for sustainable construction initiatives. Since
2017, they have accounted for merely 10 percent of the o-
verall global green debt finance [ 74]. Nonetheless, optim-
ism persists. As per IFC (2022), private green financial fi-
nancing for sustainable building is expanding rapidly in
Sub-Saharan Africa, albeit remaining significantly low
[26].

In 2021, over 90 percent of global green construction
financing was allocated to green buildings, rather than to
“hard-to-abate” construction materials like cement and
steel, which contribute roughly 19 percent of world carbon
emissions [ 73]. The World Economic Forum (2022a) re-
ports that 54 percent of the total private green debt finan-
cing for green buildings in poor nations was allocated to
the Caribbean and Latin America, followed by the Pacific
and East Asia at 19 percent, and Central Asia and Europe
at 12 percent. The Middle East, South Asia, North Africa,
and Sub-Saharan Africa collectively accounted for merely
15 percent [ 28]. In Sub-Saharan Africa, South Africa con-
stitutes around 75 percent of this funding [ 72].

In 2021, investment for green construction projects
reached a record $27 billion worldwide, with 70 percent
allocated to the decarbonization of construction materials.
Steel and cement each accounted for around 50 percent of
the total green finance allocated for construction materials,
with the proportion of steel increasing more swiftly since
2019 [ 727] Green loans are the predominant vehicles for
funding the decarbonization of construction materials, ac-
counting for around 86 percent of overall financing; yet,
green bond issuance surged seven-fold from 2019 to 2021.
208 [73].
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1.2.2 Kenyan perspective

The development of Kenya’s green construction mar-
ket has advanced consistently. In 2020, the certified green
building sector constituted 3 percent of new constructions
[25]). Most of these certified buildings were offices and
high-income housing. As of 2020, there were several Real
Estate Investment Trusts (REITs), but the market did not
record any green building construction loans or mortgage
products. Though the government has a green economy
strategy, the implementation and impact of these green
building targets on market development are yet to be seen
[25].

In Kenya, sources of green funding predominantly
consist of external grants and loans from international
public organizations; yet, the national government allo-
cates billions of shillings from its revenue to climate and
green-related initiatives [ 65]. Analysis of national budget
data indicates that for the fiscal years 2017-2018 and 2019-
2020, the government allocated KShs 414.23 billion and
KShs 427.24 billion, respectively, to climate change sec-
tors. On average, 40% of these funds were sourced do-
mestically, while 60% originated from outside sources. Of
these monies, the actual investment in green initiatives a-
mounted to KShs 103 billion in 2017-2018 and KShs 120
billion in 2018-2019. The magnitude of private sector con-
tributions to green finance remains uncertain; it is tenta-
tively expected to average KShs 100 billion per year. Of
this investment, it is projected that KShs 30 billion is de-
rived from domestic sources and KShs 70 billion from in-
ternational organizations.

Acorn Holding Limited was the inaugural private en-
tity to capitalize on the green bond issuance in 2019, suc-
cessfully raising KShs. 4.3 billion ($ 40.5 million) to es-
tablish affordable, eco-friendly student accommodations
[45]. The Qwetu Hostels are constructed with climate-re-
silient designs, are environmentally sustainable and re-
source-efficient, and comply with EDGE standards.

The IFC, in partnership with International Housing
Solutions (IHS), created the IHS Green Housing Fund to
offer financial assistance to investors in green affordable
housing [ 45]. The residences must comply with the IFC’s

EDGE requirements, which promote the efficient utiliza-
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tion of energy, water, and building materials. The fund
aims to invest in 5,000 freshly constructed, eco-friendly,
affordable dwellings, first concentrating on Nairobi Coun-

ty and other designated counties in Kenya.
1.2.3 Challenges facing GCF

The insufficient amounts of international and domes-
tic private capital for green construction in developing na-
tions may be partially attributed to market failures within
the green finance and construction value chains [70].
These problems are frequently more pronounced and per-
vasive in low-income nations. The fragmented nature of
the construction industry, informational disparities be-
tween industry segments and policymakers, highly local-
ized regulations, and the dominance of small and medium-
sized construction firms impede financing for green con-
struction[ 69 ]. Financial decisions predominantly entail
various stakeholders, including developers, owners, inves-
tors, construction specialists, and materials producers, each
having divergent interests. Moreover, without green laws,
regulations, and standards, investors encounter challenges
in recognizing investment prospects in green construction
[ 68]. Small and medium-sized developers, especially in e-
conomies marked by significant informality, encounter fi-
nancial limitations for sustainable development. The defi-
ciency of proficient labor in green construction methodol-
ogies further limits investment opportunities in this sector
[72].

Green construction alternatives may seem dispropor-
tionately costly since existing market prices do not ac-
count for the social costs associated with emissions from
traditional construction processes and materials, conse-
quently diminishing anticipated profits for green construc-
tion projects [ 71]. Consumers and investors may be reluc-
tant or unable to pay an initial extra cost of 1 to 5 percent
for green buildings compared to traditional ones, especial-
ly in affordable housing intended for lower income house-
holds. This is even more challenging in low-income coun-
tries that have a few commercially viable green construc-
tion investments [ 74 ].

The absence of extensive data regarding default rates
and the financial advantages of green construction invest-

ment portfolios contributes to diminished investment in

green construction [ 68]. Financial markets frequently un-
dervalue climate risk, encompassing economic losses at-
tributable to climate disasters [ 63 ]. Residential property
valuations often neglect the dangers associated with ex-
treme climatic events, even when such information is pub-
licly available[ 67]. This elevates the capital expenditures
for green buildings compared to conventional options. This
issue may be exacerbated in developing nations that are geo-
graphically vulnerable to recurrent catastrophic events and lack
robust financial and insurance markets [ 72].

Private investors may face substantial expenses relat-
ed to assessing and tracking environmental performance in
green construction initiatives, particularly for *“hard-to-a-
bate” materials like cement and steel [ 27]. In underdevel-
oped nations, these costs are typically elevated due to di-
minished transparency, insufficient governance and disclo-
sure standards, lax regulations, and inadequate technical
capabilities for the issuance and regulation of green finan-
cial instruments [ 24]. Developing nations may encounter
limitations in supplies. In these areas, the availability of
feasible green construction projects for financing is fre-
quently restricted [ 29 ]. This may be due to a deficiency in
innovation, insufficient economies of scale, restricted
green technical capabilities for execution, and limited a-
vailability of concessional financial resources [ 30]. Regu-
latory, currency, macroeconomic, and political risks, to-
gether with volatility, can elevate costs, hence diminishing

the profitability of green construction investments [ 60 ].

1.3 Determinants of green construction project finance a-

doption

The adoption of Green Construction Finance (GCF) is
influenced by a multi-dimensional array of factors that
range from individual stakeholder awareness to systemic
institutional frameworks. Based on the literature review,
these determinants are categorized into eight key domains:

Extent of Awareness, awareness serves as a critical cogni-
tive driver for adoption [ 11]. While general awareness of green
building exists, many developers and construction firms—par-
ticularly smaller players—lack a detailed understanding of a-
vailable green finance products, eligibility criteria, and special-
ized application processes [ 55].

Availability and accessibility, even when green fi-
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nance products exist, their practical uptake is often hin-
dered by accessibility barriers. These include complex ap-
plication processes, high transaction costs, and strict eligi-
bility requirements that may exclude smaller developers
[ 18]. Furthermore, the limited geographical reach of green
finance providers remains a significant constraint [ 16].

Institutional and regulatory factors, the regulatory en-
vironment provides the structural foundation for GCF.
Supportive policies such as green building codes, tax in-
centives, and green procurement regulations are essential
to encourage adoption [ 1]. However, gaps in institutional
capacity and poor coordination among government agen-
cies, such as the Central Bank and Ministries of Environ-
ment and Housing, can impede the effective implementa-
tion of these policies [ 39].

Financial and cost-related factors, high initial capital
costs remain a primary barrier, as green construction typi-
cally requires a larger upfront investment compared to tra-
ditional methods [ 19]. This is often exacerbated by “split
incentives,” where the developer bears the high initial cost
while the long-term benefits (e.g., lower utility bills) ac-
crue to the tenant, creating a financial disincentive for the
project owner [ 16].

Environmental factors, environmental concerns and
sustainability awareness act as motivating drivers. Key in-
dicators include a project’s commitment to pollution pre-
vention, resource efficiency (energy and water), material
reuse, and safe waste disposal methods [ 12]]. These factors
are often driven by global climate change urgency and na-
tional environmental regulations [ 35].

Technological and technical factors, the availability
of technological innovations, such as on-site renewable
energy and digital tools (e.g., BIM), improves project fea-
sibility and reduces implementation risks [ 58]. However,
the lack of a standardized knowledge database and a short-
age of skilled human resources can weaken the positive
impact of technical readiness [ 63].

Risk-related factors, perceptions of risk—including
financial, operational, and regulatory uncertainties—per-
meate all decision-making processes [ 12]. Developers of-
ten cite economic variability, potential technology failures,

and supply chain vulnerabilities as major deterrents. Risk
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mitigation instruments, such as loan guarantees, are critical
to bolstering financier and developer confidence[ 32].
Social and cultural factors, adoption is also influ-
enced by market demand, social legitimacy, and peer influ-
ence within the industry [ 52]. Building trust and demon-
strating the broader social benefits of green buildings (e.g.,
occupant well-being) are essential for fostering a cultural

shift toward sustainable construction practices [ 53].

2 Methodology

2.1 Research design

This study employed a survey research design. This
involves the gathering of quantitative data from multiple
cases at a particular time point, concerning two or more
variables, which are subsequently analyzed to identify pat-
terns of association and other relationships[ 9]. Upon i-
dentifying the target demographic, a suitable sample was
selected for data collection. After determining the level of
GCF adoption and its drivers from the sample, a generali-

zation was drawn for the overall population.
2.2 Target population and sampling procedures

The study targeted registered property developers in
Kenya, who constituted the unit of analysis. Developers
were selected because they serve as primary decision-mak-
ers and implementers of construction projects, positioning
them as key demand-side actors in GCF. According to the
Kenya Property Developers Association (KPDA) (2025)
[36] online register, 69 developers were registered as of
12 March 2025 [36]. Given this relatively small popula-
tion, the study adopted a census approach, distributing
questionnaires to all 69 firms. A total of 55 responses were
received, yielding a response rate of 79.7%, which was
considered adequate for analysis. Although some missing
values in responses were observed, their impact was mini-
mal. Of the 68 questions, 62 had complete responses (n=
55), three had one missing value (n= 54), and another
three had two missing values (n= 53). Consequently, no

imputation or corrective measures were undertaken.
2.3 Data collection

Data was collected using questionnaires administered
to registered property developers in June 2025. The ques-

tionnaire was divided into two parts. The first part reques-
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ted demographic data regarding the years of existence and
the total number of projects undertaken by participating
firms. The second part measured the following determi-
nants of green construction uptake: Extent of awareness,
availability and accessibility, institutional and regulatory
related factors, financial and cost-related factors, environ-
mental-related factors, technological and technical-related
factors, risk-related factors, as well as social and cultural-
related factors. A total of 68 indicators were used to meas-
ure the eight determinants based on the following 7-point
Likert scale: 1= Strongly Disagree, 2= Disagree, 3 =

Somewhat Disagree, 4= Neutral, 5= Somewhat Agree, 6=

Agree, and 7= Strongly Agree. Based on the provided
scale, the developers were requested to indicate their level

of agreement with a series of statements.
2.4 Data analysis

The Partial Least Squares Structural Equation Model-
ling (PLS-SEM) method was selected as the analytical tool
for the inferential statistics. This choice was well-justified
given the nature of the research, which aims to investigate
a complex model with multiple constructs and indicator
variables. PLS-SEM is a component-based approach that is
particularly suitable for exploratory research where the
theoretical framework is still developing or is based on an
underdeveloped theory[ 17]. Unlikecovariance-based SEM
(CB-SEM), PLS-SEM is a predictive causal approach that
prioritizes prediction over model fit[ 13]. The adoption of
PLS-SEM was adopted because the issue of green con-
struction finance is relatively new, and not much has been
written about its determinants and interrelationships. A
key advantage of PLS-SEM is its robustness to data that
does not conform to normal distribution assumptions and
its ability to provide reliable results even with small sam-
ple sizes [ 6]. The study adopted ADANCO software,
which uses a consistent PLS-SEM algorithm according to-
Henseler (2016). The algorithm computes measurement
and structural relationships separately and iteratively, a
process that is well-suited for the complexity of the re-

search model under consideration [ 41].
2.5 KEthical considerations

First, a letter of introduction was obtained from the

Jomo Kenyatta University of Agriculture and Technology

(JKUAT). The researcher then obtained a research permit
from the National Commission for Science, Technology &
Innovation (NACOSTI). These two documents were used
by the researcher and research assistants for identification
purposes. The study participants were informed that their
participation in the study was voluntary, anonymous, and
confidential, and that non-participation would not affect
them in any way. Furthermore, they were informed that e-
ven when they consented to participate, they were free to
withdraw their participation at any time during the study
without any consequences. All aspects of the research were
explained to the participants. Further, the information ob-
tained during this research was treated with confidentiality.
To help achieve anonymity of the data gathered during the
survey, personal data such as names was omitted from the

data collection instruments.

3 Findings and discussion
3.1 Developers’ profile

3.1.1 Professional Experience

To evaluate the duration of developer firms in Ken-
ya’ s construction sector, respondents were requested to
provide the operational period of their firms. Figure 1 dis-
plays the results. Significantly, the sample had no enterpri-
ses with fewer than 11 years of operational experience.
This is due to the absence of recorded replies in both the
1-5 years and 6-10 years groups. As a result, all participat-
ing firms possessed more than ten years of expertise in the
Kenyan construction sector. The experience profile of the
sample is predominantly biased towards long-established
development organizations. Sixty-seven point three per-
cent of the enterprises have been in operation for over 15
years, while thirty-two point seven percent have exceeded
25 years in the industry. This distribution signifies a sea-
soned respondent demographic with considerable experi-
ence in market cycles, regulatory environments, and estab-
lished business practices.

Older firms are more inclined to possess substantial
institutional knowledge, strong financial resources, and the
ability to assimilate new innovations, including the adop-
tion of GCF[ 76,78] Their comments are anticipated to

demonstrate substantial operational and sectoral under-
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standing. Although stability can promote investment in
green initiatives, established firms may adhere to conven-
tional financing and construction methods, potentially
demonstrating reluctance to adopt innovative mechanisms
unless motivated or coerced by market or regulatory chan-
ges[ 31,48].

Figure 1 Developer firms’ professional experience

The lack of organizations founded in the past decade
indicates that the dataset fails to encompass the viewpoints
or obstacles specific to newer, potentially more agile or
creative enterprises.Zuo et al. (2012) [ 7] propose that such
enterprises may exhibit enhanced flexibility and a propen-
sity to experiment with novel financial instruments, and
their removal could restrict the generalizability of findings
across the whole industry. Since established firms fre-
quently serve as industry leaders and trendsetters, their en-
dorsement is essential for the widespread adoption of
green finance techniques. Nonetheless, strategies designed
to promote GCF adoption must also account for the re-
quirements and possible contributions of new enterprises,
which are absent from this sample.

Prior studies highlight the benefits and obstacles re-
lated to organizational maturity in the implementation of
novel industry practices.Osei-Kyei et al. (2018) discovered
that established enterprises typically possess superior re-
source capacity and are more adept at executing sustain-
able innovations. Yin et al. (2018) indicated that larger and
older enterprises exhibit more receptivity to green finance;
yet, inertia within established practices may hinder swift
transformation. Zuo et al. (2012) noted that nascent and
younger enterprises disproportionately drive innovation a-
doption and industry transformation owing to their recep-

tiveness to novel concepts.
3.1.2 Number of green financed construction projects

A significant majority of developers have not utilized

http: / www.viserdata.com/journal/jsa

green finance instruments for any of their projects. Figure
2 indicates that 83.6% (n= 46) of developers had not en-
gaged in any green-financed initiatives, while 10.9% (n=
6) had finished one project and 3.6% (n= 2) had comple-
ted two projects. Merely 1.8% (n= 1) had engaged in
three green-financed projects throughout that period. Con-
sequently, the respondents completed 13 green-financed
building projects over the past five years. Figure 3 illus-
trates that the proportion of green-financed buildings a-
mong the total projects executed by developers (n= 1,265)
is 1.03% .

Figure 2 Total Number of green-financed projects undertaken

by developers

Figure 3 Proportion of green financed building projects

undertaken by developers

The GCF adoption rate of 1.03% signifies that the u-
tilization of green financial instruments in construction
projects in Kenya is exceedingly restricted, with the over-
whelming majority of developers and architects lacking
direct expertise. This discovery aligns with overarching
patterns in Kenya and several emerging nations, where the
green financing ecosystem, particularly within the real es-
tate sector, is nascent and underdeveloped. The findings
indicate a nascent green finance ecosystem inside Kenya’s
building sector. As per Afriwise (2025) [ 3] Kenya is in the
nascent phase of green finance implementation in con-
struction, with pilot bonds and specialized banking prod-

ucts having only recently emerged in the market. Prior re-
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search [ 45] indicates that, despite heightened policy focus
and the development of instruments like green bonds and
green mortgages, actual market penetration remains con-
strained. Numerous studies have revealed significant ob-
stacles to this restricted adoption. Initially, there exists a
paucity of awareness and knowledge.Darko et al. (2017)
assert that developers in the majority of African and de-
veloping market environments possess inadequate under-
standing regarding the availability, prerequisites, and ad-
vantages of green financial products. Secondly, there exists
perceived complexity alongside uncertain returns. [ 7] as-
sert that green finance alternatives are often regarded as
intricate, with ambiguous short-term financial advantages,
resulting in risk aversion among developers. The third ob-
stacle is an inadequately developed product market. Until
recently, Kenya had a limited number of green bonds is-
sued and few prominent financial institutions actively ad-
vocating for green loans aimed at property development.
Ngare (2025) [43] asserts that the challenge of securing
substantial access to green financing arises from various
obstacles, including intricate legal frameworks, restricted
availability of different financial instruments, and insuffi-
cient capacity to create viable investment projects.
Though the early adopters of GCF are rare, they’re
significant, and their experiences may help drive broader
market acceptance. The presence of even a few green-fi-
nanced projects indicates that market structures, however
limited, do exist and can be leveraged with further support.
Early adopters can showcase feasibility and help reduce
perceived risk among peer firms, supporting the “demon-
stration effect” described in adoption literature. To en-
hance uptake, concerted efforts are needed to address in-

formational, financial, and regulatory barriers.

3.1.3 Likelihood of recommending adoption of GCF to

other developers

Developers were requested to evaluate the likelihood
of recommending green finance solutions to peers in the
construction sector using a 7-point Likert scale ranging
from “extremely unlikely” to “extremely likely.” Contrary
to the findings regarding GCF uptake, the replies indicated
a predominantly favorable attitude towards endorsing

green financing. Only one respondent (1.8%) indicated

neutrality, while the remaining respondents (98.2%) se-
lected options ranging from likely to extremely likely, as

illustrated in Figure 4.

Figure 4 Likelihood of recommending adoption of GCF

Approximately 98% of developers expressed a favor-

” e

able disposition (“likely,” “wvery likely,” or *extremely
likely”) toward endorsing green financing options, indica-
ting robust confidence and contentment among partici-
pants in green finance initiatives. This enthusiasm indi-
cates a responsive and optimistic stakeholder base that
may be utilized to expedite the implementation of green
finance solutions in Kenya’s building sector. The propen-
sity to recommend is essential for fostering peer influence
and the broader dissemination of innovative financial so-
lutions [ 51]. Developers who advocate for green financing
can enhance demand among industry participants, financial
institutions, and investors, thereby broadening the green
finance ecosystem. This corresponds with findings from e-
merging market research, which emphasize the signifi-
cance of word-of-mouth and peer recommendations in sur-
mounting initial market inertia in green building finance
[10].

The positive developer attitude corresponds with
Kenya’s growing institutional support for green finance.
Initiatives such as the IFC’s Green Housing Fund, Kenya’
s Green Bond programme, and the Guarantee Facility un-
der the Environment Facility (EEF) provide critical techni-
cal assistance, credit enhancement, and risk mitigation that
increase developer confidence [ 34,46 . Although the actu-
al uptake remains very low, as demonstrated in this study,
the strong positive recommendation sentiment signals that
where green finance is experienced, it is valued, making
education, capacity building, and risk-sharing mechanisms

crucial to broaden access.
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3.2 Confirmatory factor analysis results

Since research on Green Construction Finance

(GCF) is relatively new, the current study aimed to in-
vestigate potential relationships among all the variables.
This was achieved through a measurement model (Fig-

ure 5) executed via the Confirmatory Factor Analysis

Table 1 Construct operationalization

(CFA) function in ADANCO software. The measure-
ment model comprises nine latent constructs, all interac-
ting with each other as dependent (endogenous) and in-
dependent (exogenous) variables. The operationaliza-
tion of these constructs and their associated indicators is

detailed in Table 1.

Code Construct Indicators Indicators (Measured attributes)

EA Extent of Awareness of GCF 7 EA1, EA2, EA3, EA4, EAS, EA6, EA7

AA Availability and Accessibility of GCF 6 AAl, AA2, AA3, AA4, AAS, AA6

IRF Institutional and Regulatory Factors 9 IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, IRF8, IRF9

FCF Financial and cost-related Factors 7 FCF1, FCF2, FCF3, FCF4, FCF5, FCF6, FCF7

EF Environmental Factors 9 EF1, EF2, EF3, EF4, EFS5, EF6, EF7, EF8, EF9

TTF Technological and Technical Factors 10 TTF1, TTF2, TTF3, TTF4, TTFS5, TTF6, TTF7, TTE8, TTF9, TTF10
RF Risk Factors 11 RF1, RF2, RF3, RF4, RF5, RF6, RF7, RF8, RF9, RF10, RF11
SCF Social and Cultural Factors 9 SCF1, SCF2, SCF3, SCF4, SCF5, SCF6, SCF7, SCF8, SCF9
GCF Adoption of GCF 1 GCF

32.1 Goodness of model fit

The ADANCO output provides the Standardized Root
Mean Square Residual (SRMR) as the key indicator of
model fit. The SRMR measures the average discrepancy
between the observed and the model-implied correlation
matrices, whereby a lower value indicates a better fit [ 8]
The measurement model achieved an SRMR (Standardized
Root Mean Squared Residual) of 0.0867 (Table 2), which is
below the specified threshold of 0.1 [6,13,21], indicating
an acceptable model fit, suggesting the model adequately
reproduces the observed data relationships. The second
SRMR value was for the modified measurement model af-
ter the three problematic indicators (those with low factor

loadings) were removed.

Table 2 Goodness of model fit (saturated model)

Index Initial model Modified model Threshold

SRMR 0.0867 0.0850 <0.1

Since the SRMR value falls within the acceptable

http: / www.viserdata.com/journal/jsa

range, it provides initial evidence that the model adequate-
ly represents the empirical data. This suggests that the
measurement model is a valid representation of the rela-

tionships among the constructs and their indicators.
3.2.2 Construct reliability and internal consistency

Construct reliability evaluates the internal consisten-
cy of the indicators measuring each latent variable. Three
metrics were used to measure the construct reliability.
These are: Dijkstra-Henselers rho, Joreskog’s rho (also
known as composite reliability), and Cronbach’ s alpha.
While a general threshold of > 0.70 is recommended for
all three, values between 0.60 and 0.70 are considered ac-
ceptable in exploratory research, and those exceeding 0.95
suggest multicollinearity or indicator redundancy [ 13,17].
As seen on Table 3, all the values were within the accepta-
ble limits, indicating very good internal consistency. The
only exception was for the GCF adoption variable, which
had a value of 1.0 because it was only measured using a

single indicator.
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Figure 5 Graphical representation of the modified measurement model (CFA output)

Table 3 Construct reliability

Construct Dijkstra-Henseler’s rtho (pa) Joreskog’s rho (pc) Cronbach’s alpha(a)
Extent of awareness of GCF 0.9270 0.9243 0.9251
Availability and accessibility of GCF 0.8582 0.8414 0.8439
Institutional and regulatory factors 0.9490 0.9424 0.9393
Financial and cost-related factors 0.9457 0.9449 0.9451
Environmental factors 0.9540 0.9538 0.9538
Technological and technical factors 0.9497 0.9488 0.9486
Risk factors 0.9273 0.9194 0.9203
Social and cultural factors 0.8975 0.8414 0.8453

Adoption of GCF 1.0000 1.0000
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3.2.3 Indicator reliability and factor loadings

Indicator reliability assesses the extent to which a
construct explains the variance of its individual indicators.
This is determined by the outer loadings, with a preferred
threshold of > 0.70 [54]. Loadings between 0.40 and 0.70
may be acceptable in some cases, provided their removal
does not negatively impact other validity metrics [ 20,50].
Indicators with loadings below 0.40 should be removed
(Hair et al, 2022). The results of the factor loadings (Ap-
pendix 1) revealed significant issues with several con-
structs. In availability and accessibility (AA), indicator
AA4 has a loading of 0.4159, falling below the ideal 0.70
threshold. Among the institutional and regulatory factors
(IRF), indicator IRF2 has a low loading of 0.4807. Among
the risk factors (RF), indicators RF2 (0. 5812), RF3
(0.5741), RF4 (0.6376), and RF10 (0.5638) all fail to meet
the 0.70 threshold. Lastly, it is important to point out that
social and cultural factors (SCF) were the most problemat-
ic, with a majority of the indicators failing to meet the
threshold. SCF3 (0.6334), SCF5 (0.6487), SCF6 (0.6174),
SCF7 (0.5160), SCF8 (0.3133), and SCF9 (0.0918) all have
inadequate loadings, with the last two being extremely
poor and falling well below the 0.40 threshold for removal.
The two indicators were removed from the model accord-

Table 4 Convergent validity

ingly. Figure 5 thus presents the modified measurement
model, while the initial model is presented in Appendix
II. The factor loadings for the modified measurement

model are presented in Appendix IV.
324 Convergent validity

Convergent validity ensures that a construct is effec-
tively capturing the variance of its indicators [ 21]. This
was assessed using the Average Variance Extracted (AVE),
with a recommended threshold of>0.50 [ 41,44 ]An AVE
value above this threshold signifies that the construct ex-
plains more than 50% of the variance of its indicators
[17]. As shown in Table 4, all the AVE values were> 0.5,
except for availability and accessibility (AA= 0.4777) and
social and cultural factors (SCF= 0.4088), indicating ac-
ceptable convergent validity with some weaknesses. These
findings are a direct consequence of the low indicator
loadings identified in the previous section. The poor per-
formance of the individual indicators for AA and SCF col-
lectively pulls down the AVE for their respective con-
structs. Once the two problematic indicators were deleted,
all the AVE values were more than 0.5, as shown in the
added column in Table 4, indicating that convergent valid-

ity had been achieved.

Code Construct AVE (Initial model) AVE (Modified model)
EA Extent of awareness of GCF 0.6368 0.6369

AA Availability and accessibility of GCF 0.4777 0.5142

IRF Institutional and regulatory factors 0.6498 0.6499

FCF Financial and cost-related factors 0.7104 0.7104

EF Environmental factors 0.6963 0.6963

TTF Technological and technical factors 0.6498 0.6498

RF Risk factors 0.5143 0.5139

SCF Social and cultural factors 0.4088 0.5240

GCF Adoption of GCF 1.0000 1.0000

3.2.5 Discriminant validity

Discriminant validity ensures that a construct is con-
ceptually distinct from other constructs in the model [20].
This was evaluated using two key criteria: The Heterotrait-
Monotrait Ratio (HTMT) and the Fornell-Larcker criterion.

Based on the HTMT criterion, the HTMT values should be

http: / www.viserdata.com/journal/jsa

below the conservative threshold of 0.85, or below 0.90 for
conceptually similar constructs[ 21]. As seen in Table 5,
the HTMT correlation values between IRF and FCF
(0.9092), EF and TTF (0.9013), IRF and TTF (0.8698), and
AA and IRF (0.8902) exceeded the recommended thresh-
olds, indicating a lack of discriminant validity between

these pairs of constructs.
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Table 5 Discriminant validity: Heterotrait-monotrait ratio of correlations (HTMT)

Construct EA AA IRF FCF EF TTF RF SCF GCF
EA — — — — — — — — —
AA 0.7718 — — — — — — — —
IRF 0.7821 0.8902 — — — — — — —
FCF 0.7831 0.8038 0.9092 — — — — — —
EF 0.7855 0.7788 0.8787 0.8654 — — — — —
TTF 0.7281 0.8527 0.8698 0.8446 0.9013 — — — —
RF 0.6431 0.8460 0.8363 0.7966 0.8269 0.8717
SCF 04108 0.6256 0.4807 0.5413 0.5430 0.6173 0.7223 — —
GCF 0.0433 0.0255 0.0313 0.0000 0.0617 0.0156 0.0062 0.0747 —

According to the Fornell-Larcker criterion, the square
root of a construct’s AVE (its diagonal value in the table)
must be greater than its correlation with all other con-
structs in the row and column[ 41]. As presented in Table
6, the AVE for AA (0.4777) is lower than its correlations

Table 6 Discriminant validity: Fornell-larcker criterion

with IRF (0. 8044), FCF (0.6764), EF (0.6208), TTF
(0.7359), and RF (0.7365). Also, the AVE for IRF (0.6498)
is lower than its correlation with FCF (0.8327). Lastly, the
AVE for FCF (0.7104) is lower than its correlation with
IRF (0.8327).

Construct EA AA IRF FCF EF TTF RF SCF GCF
EA 0.6368
AA 0.6402 0.4777 — — — — — — —
IRF 0.6140 0.8044 0.6498 — — — — — —
FCF 0.6188 0.6764 0.8327 0.7104
EF 0.6194 0.6208 0.7686 0.7504 0.6963 — — — —
TTF 0.5390 0.7359 0.7504 0.7150 0.8141 0.6498 — — —
RF 0.4308 0.7365 0.7033 0.6484 0.6987 0.7717 0.5143 — —
SCF 0.2082 0.3848 0.2625 0.3407 0.3141 0.4186 0.5193 0.4088 —
GCF 0.0016 0.0003 0.0008 0.0000 0.0037 0.0002 0.0000 0.0021 1.0000

The failure of both discriminant validity tests sug-
gests a fundamental conceptual problem. The respondents
likely do not perceive these factors (institutional/regulato-
ry, financial, environmental, and risk) as distinct concepts.
This is not just a statistical issue; it reflects the real-world
complexity of a nascent market. In such an environment,
an underdeveloped institutional framework (IRF) directly
translates into higher financial costs (FCF) and increased
risk perceptions (RF) for potential investors. The lack of
conceptual distinction is a reflection of this interconnected
reality, where a “barrier bundle” [ 56] of intertwined chal-

lenges exist rather than a set of isolated determinants.

3.2.6 Indicator multicollinearity

Multicollinearity is a statistical phenomenon where
two or more predictor variables in a multiple regression
model are highly correlated [ 17]. In reflective measure-
ment models like the one in this study, it is assessed using
Variance Inflation Factors (VIFs), with a VIF> 5 being a
common threshold for concern, and a VIF> 10 indicating
a serious problem [ 54]. The results presented in Appendix
I reveal the presence of multicollinearity at the indicator
level. Indicators IRF4 (8.8924), IRF5 (6.4703), EF2
(7.5346), EF8 (6.2283), TTF2 (9.0448), TTF3 (10.8928),
RF5 (6.1900), and SCF4 (6.2259) were all above 5, though
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only one indicator had severe multicollinearity exceeding
10. These high VIFs are a direct consequence of the lack
of discriminant validity. When constructs are not distinct,
their underlying indicators will be highly correlated, lead-
ing to inflated VIFs. This compromises the stability and
reliability of the regression coefficients in the structural
model, making their interpretation unreliable [ 50]. The
collinearity indicates that the model is statistically fragile
and that the conceptualization of the determinants as sepa-
rate variables is problematic in this context.

These multicollinearity findings align with the strong
determinants’ interrelationships findings from the bivari-
ate correlation analysis and the lack of discriminant validi-
ty and multicollinearity among the constructs. This means
that respondents do not conceptually differentiate between
these factors. The data does not support the idea that these
are distinct drivers of GCF adoption. This empirical find-
ing aligns with a significant body of literature on green fi-
nance barriers in developing countries. Research has re-
peatedly identified that obstacles like financial constraints,
weak policy structures, and high-risk perceptions do not
exist in isolation [ 2]]. Instead, they are part of a larger, in-
terconnected “barrier bundle” that must be addressed sys-
temically [40]. An insufficient institutional framework,
for example, makes it challenging to provide clear finan-
cial incentives and leads to a higher perception of risk, as
earlier shown by the strong correlation between IRF, FCF,

and RF in this study’s data.

4 Conclusions and recommendations

4.1 Conclusions

The most profound conclusion from the CFA is the
complete failure of discriminant validity across both the
Fornell-Larcker and Heterotrait-Monotrait (HTMT) crite-
ria. The extremely high correlations (often exceeding 0.90)
between constructs such as institutional and regulatory
factors (IRF), financial and cost-related factors (FCF), and
risk-related factors (RF) indicate that Kenyan developers
do not perceive these as distinct, independent drivers of a-
doption. Instead, they function as a single, interconnected
“barrier bundle” where a deficiency in one area (e.g., poor
regulation) is indistinguishable from its impact on another

(e.g., increased financial risk).
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The presence of significant multicollinearity at the indica-
tor level, evidenced by Variance Inflation Factors (VIF) excee-
ding 5.0 and 10.0 for several items, suggests that the measure-
ment model is statistically fragile. This implies that the current
first-order conceptualization of these eight determinants as in-
dependent variables is problematic and leads to unreliable path
coefficients in the structural model.

The CFA results culminate in an exceptionally low R-
squared value for GCF adoption (0.0595), meaning that the
eight theorized determinants collectively explain only 6%
of the variance in actual uptake. This leads to the conclu-
sion that adoption is currently driven by factors outside
the traditional theoretical domains or that the current first-
order model is too simplistic to capture the complex, non-

linear reality of the Kenyan construction market.
4.2 Recommendations

The study offers the following recommendations for

future research and practice.
4.2.1 Recommendations for policy and market strategy

Adoption of a systemic intervention approach, be-
cause the CFA proves that determinants are part of an in-
separable “barrier bundle,” piecemeal policy interventions
(e.g., focusing only on awareness or only on tax incen-
tives) are unlikely to succeed, policymakers and financial
institutions must adopt a holistic strategy that simultane-
ously addresses the regulatory, financial, and risk-related
components of the bundle to achieve a meaningful shift in
adoption.

De-risking through institutional reform, since the
model shows that institutional frameworks (IRF) and risk
perceptions (RF) are statistically intertwined, strengthening
the regulatory environment is identified as the primary le-
ver for lowering perceived financial risk. Streamlining
project approval timelines and clarifying green codes
should be prioritized as direct “risk-reduction” mecha-

nisms to unlock private capital.

4.2.2  Methodological recommendations for future re-

search
Transition to higher-order constructs, given the lack

of discriminant validity, future studies should abandon

first-order models that treat determinants as independent.
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Instead, researchers should employ second-order (or high-
er-order) latent constructs that consolidate these overlap-
ping factors into broader, systemic dimensions such as
“integrated market barriers” or “systemic institutional
drivers”.

Development of context-ppecific measurement scales,
the CFA indicates that existing indicators (often adapted
from developed-market literature) are not effectively dis-
tinguishing between constructs in the Kenyan context.
There is an urgent need to develop and validate new, con-
text-aware measurement instruments that better reflect the
unique sociocultural and economic nuances of the African

construction industry.
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Indicator EA AA IRF FCF

EF TTF RF SCF GCF

GCFAdoption — — — —

— — — — 1.0000

EA1 0.7207

EA2 0.7786 — — —

EA3 0.8728 — — —

EA4 0.8195

EA5 0.7951 — — —

EA6 0.8595 — — —

EA7 0.7262 — — —

AAl 0.8292

AA2 — 0.7062 — —

AA3 0.7216

AA4 — 0.4159 — —

AAS — 0.6976 — —

AA6 0.7067

IRF1 — — 0.8028 —

IRF2 — — 0.4807 —

IRF3 — — 0.8121 —

IRF4 — — 0.8788 —

IRF5 — — 0.8521 —

IRF6 — — 0.8374 —

IRF7 — — 0.8136 —

IRF8 — — 0.8423 —

IRF9 0.8613

FCF1 — — — 0.8331

http: / www.viserdata.com/journal/jsa



Shadrack Mutungi Simon. Dorcas Muthen Musingi, James Ouma Okaka/Journal of South Architecture 1:(2026) 84-106 101

(Continued)

Indicator
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TTF
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0.8447
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0.8288
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RF3

0.5741

RF4

0.6376
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0.8262
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(Continued)

Indicator EA AA IRF FCF EF TTF RF SCF GCF
SCF5 — — — — — — — 0.6487 —
SCF6 — — — — — — — 0.6174 —
SCF7 0.5160
SCF8 — — — — — — — 0.3133 —
SCF9 — — — — — — — 0.0918 —

Appendix I : Initial structural model
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Appendix I : Indicator multicollinearity/variance inflation factors ( VIF)
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EAl
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EA2
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AAl

2.5032
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2.0729

AA3

2.4302
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1.6321

AAS

1.6057
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22245

IRF1

2.8479

IRF2

1.7054

IRF3

3.2812

IRF4

8.8924

IRF5

6.4703

IRF6

4.2381

IRF7

3.7953

IRF8

4.4108

IRF9

5.0756

FCF1

4.0866
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5.1558
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3.2911
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FCF5

4.2771

FCFo
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FCF7

1.9738

EF1

4.9952

EF2

7.5346

EF3

43284

EF4

3.5527
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4.9538

EF6

4.5951
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(Continued)

Indicator
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AA

IRF

FCF

EF

TTF

RF

SCF

GCF

EF7

5.3242

EF8

6.2283

EF9

5.4041

TTF1

4.8776

TTF2

9.0448

TTF3

10.8928

TTF4

3.5201

TTF5

5.4301

TTF6

5.3569

TTF7

2.4162

TTF8

4.3221

TTF9

3.2532

TTF10

5.3660

RF1
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RF2

2.3645

RF3

3.2422

RF4

5.3807
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RF7
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3.6682
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3.0604
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Appendix IV : Factor loadings (Modified measurement model)

Indicator
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IRF

FCF

EF

TTF

RF

SCF

GCF

GCFAdoption

1.0000

EAl

0.7213

EA2

0.7787

EA3

0.8720

EA4

0.8196

EA5

0.7953

EA6

0.8596

EA7

0.7260

AAl

0.8309

AA2

0.7064

AA3

0.7211

AA4

04157

AAS

0.6971

AA6

0.7054

IRF1

0.8015

IRF2

0.4794

IRF3

0.8134

IRF4

0.8787

IRF5

0.8526

IRF6

0.8373

IRF7

0.8136

IRF8

0.8432

IRF9

0.8610

FCF1

0.8337

FCF2

0.8765

FCF3

0.8432

FCF4

0.8410

FCF5

0.7662

FCFo

0.8693

FCF7

0.8653

EF1

0.8095

EF2

0.8391

EF3

0.8027

EF4

0.8296

EF5

0.8533

EF6

0.8213
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(Continued)

Indicator

EA

AA

IRF

FCF

EF

TTF

RF

SCF

GCF

EF7

0.8576

EF8

0.8415

EF9

0.8538

TTF1

0.7840

TTF2

0.8583

TTF3

0.8712

TTF4

0.7669

TTFS

0.7768

TTF6

0.8056

TTF7

0.7856

TTF8

0.8270

TTF9

0.7486

TTF10

0.8284

RF1

0.7336

RF2

0.5795

RF3

0.5716

RF4

0.6399

RF5

0.7876

RF6

0.7578

RF7

0.8254

RF8

0.8786

RF9

0.6844

RF10

0.5606

RF11

0.7834

SCF1

0.9860

SCF2

0.8044

SCF3

0.6415

SCF4

0.7372

SCF5

0.6583

SCF6

0.6247

SCF7

0.5219
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