npj | heritage science

Article

https://doi.org/10.1038/s40494-025-02244-2

Microclimatic adaptability of alleyway in
historical cultural heritage buildings
based on ENVI-met simulations
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Rising global temperatures have worsened climatic conditions, reducing human habitat comfort,
especially in hot and humid regions. Yet historical and cultural heritage buildings achieve comfortable
microclimates without active climate control. This study uses field measurements and ENVI-met
simulations to identify passive climate adaptation strategies in such buildings in China’s hot and humid
areas, aiming to inform design in similar climates. Results show that: (1) alleyways significantly improve
courtyard microclimates; (2) through-type alleyways enhance summer conditions by promoting
airflow; (3) microclimate benefits are greatest when the Aspect Ratio (AR) is below 0.5; (4) enclosed
courtyards with solid-boundary alleyways perform best in microclimate regulation.

With the rapid advancement of global urbanization, urban construction
density has significantly increased, resulting in increasingly compact urban
spaces and insufficient buffer zones necessary for mitigating adverse cli-
matic effects such as urban heat islands'. While numerous scholars have
proposed strategies to improve the urban microclimate through spatial
planning focusing on factors such as street space dimensions” and building
spacing’. These design interventions are often lacking sufficient adaptation
to local climatic conditions. This limitation undermines their effectiveness
across diverse urban contexts, leading to widespread implementation fail-
ures and the persistent intensification of urban heat island effects.
Therefore, identifying climate-responsive spatial strategies tailored to
specific regional climates has become crucial for regulating microclimatic
conditions in local urban environments. While advancements in modern
materials science and architectural technology can partially optimize indoor
building microclimates*® and reduce dependence on air conditioning, the
construction and R&D processes still entail substantial environmental
pollution. Consequently, scholars have increasingly turned their attention to
rural areas which regions that predate cities and operate with lower tech-
nological inputs to investigate how traditional buildings maintain relatively
comfortable indoor and outdoor microclimates without reliance on modern
mechanical systems, effectively adapting to harsh climatic conditions. In this
context, the passive microclimate adaptation techniques employed in tra-
ditional architecture have been extensively validated through empirical
studies™. By combining field measurements and numerical simulations,
researchers have identified a wide range of spatial prototypes’, particularly
in extreme climate zones such as monsoon regions'’, cold-dry areas', and
hot-dry climates™”, offering valuable guidance for sustainable urban
development. For instance, microclimate measurement and simulation

analyses have enabled scholars to derive energy-efficient retrofitting stra-
tegies for traditional buildings in Mediterranean arid climates'. Despite the
breadth of research on passive design in traditional architecture, studies
remain predominantly focused on hot-dry regions', while humid-hot cli-
mates which is a globally significant climatic zone have received compara-
tively little attention and thus warrant greater scholarly focus.

To address this objective, we selected a traditional Tujia settlement
situated in the core zone of China’s hot-humid climate region as a case study
to identify spatial patterns applicable to similar climatic contexts. The Tujia
people, one of China’s 56 officially recognized ethnic minorities, are pre-
dominantly distributed across the Wuling Mountains at the intersection of
Hubei, Hunan, Sichuan, Guizhou, and Chongqing which are widely
regarded as a representative hot-humid climatic zone in China'*. Traditional
Tujia settlements are notably well-preserved. While most are located in
Chonggqing, Hubei, Hunan, and Guizhou, those in Sichuan Province are
uniquely secluded within mountainous terrain, exhibiting distinct archi-
tectural and spatial characteristics that more authentically reflect indigenous
Tujia cultural traits compared to their counterparts elsewhere'®". For these
reasons, this study focuses specifically on traditional Tujia settlements in
Sichuan. Existing research on these settlements has primarily examined
their spatial morphology and its interrelations with cultural practices and
natural environments'®'”. However, no study has yet systematically
extracted typical spatial prototypes from a climate adaptive perspective. This
research therefore fills a critical gap in the literature on traditional Tujia
settlements. As previously noted, narrow urban spaces such as streets play a
vital role in microclimate regulationw. In traditional settlements, the func-
tional equivalent of urban streets is the alleyway which is a key element
through which passive climatic performance can be analyzed.
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Alleyways represent a fundamental spatial component in both urban
and rural human settlements, characterized by their widespread presence
and functional significance. These linear spaces play a critical role in facil-
itating movement and organizing the spatial structure of settlements, which
constitutes the primary focus of contemporary alleyway research**.
Beyond this, scholars have explored the broader contributions of alleyways
to urban environments from multiple perspectives, including landscape
aesthetics™*, spatial renovation and revitalization™*’, cultural value”*,
functional performance™”, as well as formal attributes such as shape and
color”’. While some studies have identified the potential of alleyways in
climate regulation™, there remains a lack of in-depth investigation into how
specific spatial configurations such as morphological features, composi-
tional elements, and dimensional parameters influence microclimatic
conditions. This study aims to address this gap by systematically examining
the mechanisms through which alleyway design impacts local microclimate
regulation.

Among the various spatial parameters influencing alley microclimates,
the aspect ratio (AR) stands out as the most critical factor and has been
extensively investigated in urban studies. In urban courtyard research, AR
ratio is well established as a key determinant of microclimatic performance.
Furthermore, in the study of street canyons which is the most prevalent form
of narrow urban space variations in AR significantly affect airflow
enhancement and solar radiation shielding”. Research has demonstrated
that physiological equivalent temperature (PET), a key indicator of human
thermal comfort, reaches optimal levels in streets with an AR of 0.5, pro-
viding quantifiable evidence for climate-responsive design"*. Importantly,
the “ENERGY AND RESOURCE EFFICIENT URBAN NEIGHBOUR-
HOOD DESIGN PRINCIPLES FOR TROPICAL COUNTRIES Practi-
tioner’s Guidebook” emphasizes climate adaptability as a cornerstone of
sustainable community development. It further illustrates through visual
representations how specific urban spatial configurations regulate micro-
climatic conditions, noting that narrower streets corresponding to higher
AR will increase the number of solar reflections and enhance radiation
retention, thereby reducing outdoor thermal comfort”. These findings
collectively establish a robust theoretical foundation and methodological
feasibility for the present study. Nevertheless, existing research pre-
dominantly focuses on urban contexts, with limited attention given to rural
settlements in broader countryside regions. Moreover, while many studies
analyze the microclimate within alleyways themselves, few explore how
variations in alley morphology influence the microclimatic conditions of
adjacent or interconnected spaces. Addressing this gap constitutes the
central focus of this research.

In conclusion, enhancing the passive regulation capacity of building
microclimates presents an effective strategy for mitigating current energy
consumption and environmental pollution. Particularly, identifying key
spatial prototypes that enable zero-energy performance in traditional
architecture holds significant importance. Accordingly, this study is pri-
marily oriented toward this objective, selecting traditional Tujia ethnic
buildings located in the core zone of China’s humid-hot climatic region as
the research subject. Through multi-variable simulation and comparative
analysis, the study aims to identify the most suitable alleyway spatial con-
figuration for this specific climatic context. To achieve the aforementioned
objectives, this study will investigate the following three research questions:
(1) What is the underlying mechanism through which alleyway config-

urations influence the microclimate environment of courtyard spaces?
(2) Which spatial forms and dimensional scales of alleyways are most

effective in regulating microclimatic conditions in humid-hot regions?
(3) What is the optimal alleyway spatial prototype that can be applied to
urban development in humid-hot climatic zones?

Methods

This study aims to identify an alleyway spatial pattern suitable for humid-
hot regions by using the Tujia ethnic group as a representative case, while
clarifying specific spatial forms, compositional elements, and dimensional
scales. To achieve this, the research is structured around three key phases:

field investigation and microclimate measurement, variable model simu-
lation, and spatial synthesis. First, field investigations are conducted to
document the spatial configurations of traditional Tujia alleyways, and on-
site microclimate measurements are carried out to assess their effectiveness
in regulating local climatic conditions. Second, based on the observed spatial
characteristics, variable models incorporating compositional elements,
spatial form, dimensional scale, and material properties are developed.
These models are then simulated using ENVI-met software, and the results
are compared to determine the most effective alleyway configuration for
microclimate regulation. Finally, through spatial analysis and synthesis, an
optimal alleyway spatial prototype applicable to humid-hot regions is
proposed, providing actionable guidance for sustainable urban develop-
ment in similar climatic zones (Fig. 1).

Study site

This study focuses on four Tujia ethnic townships—Longquan, Dukou,
Sandun, and Qishu—and FanKuai Town in Xuanhan County, Dazhou City,
Sichuan Province, where the Tujia people are concentrated in northeastern
Sichuan (Fig. 2). This region shares geographical connections with other
Tujia-dense areas while exhibiting distinct environmental differences. Such
characteristics facilitate the exploration of how the same ethnic culture can
give rise to diverse spatial features under varying climatic conditions,
thereby highlighting the adaptive nature of traditional settlements to their
respective environments. Based on the traditional village lists of Sichuan
Province and China, we selected Shuigucun (31.692°N, 108.442°E), Tuxi
Village (31.694°N, 108.238°E), and Dawan Village (31.629°N, 108.007°E) as
representative sample settlements for this study to conduct detailed inves-
tigations and analyses. These villages were chosen for their prominence in
the region. Additionally, we selected 1-2 buildings in each of these three
sample settlements for detailed architectural mapping and microclimate
measurements.

Using Climate Consultant 6.0, we analyzed the climatic and envir-
onmental characteristics of the Tujia ethnic group’s distribution area in
northeastern Sichuan. First, we downloaded the meteorological data for this
region (CHN_Sichuan.Nanchong.574110_CSWD) from the EnergyPlus
website (https://energyplus.net/). Subsequently, we imported this data into
Climate Consultant 6.0 to obtain detailed historical meteorological records.
The analysis reveals (Figs. S1-S5) that the northeastern Sichuan region
exhibits a distinct hot-summer and cold-winter climate. The coldest month
is January, with an average temperature of 6.97 °C, while the hottest month
is July, with an average temperature of 27.39 °C (Figs. 3 and 4). These
findings indicate that addressing both the cold winter and hot summer
conditions is a critical consideration for local residents when designing
settlement spaces. Particularly, the extreme summer heat significantly
impacts human thermal comfort.

Field investigation

Different methods of field investigation were used according to different
spatial scales. Obtain topographic data of research samples and surround-
ings through BIGmap satellite map, and draw topographic maps. The
spatial distribution characteristics were obtained by UAV aerial photo-
graph. The architectural spatial characteristics were obtained by infrared
distance meter and other methods. Obtain the application of building
materials through camera photography.

Spatial drawing

Spatial mapping is the most important research method in this study. Spatial
mapping is used to record the distribution of sample settlements, archi-
tectural space and other characteristics, to analyze the relationship of the
natural environment and spatial feature, so as to obtain the environmental
adaptation characteristics of Amdo Tibetan grassland dwellings.

Filed measurement
Based on the spatial characteristics of traditional Tujia settlements in
northeastern Sichuan, where buildings are typically dispersed, we selected
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Fig. 2 | Study area.
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Fig. 5 | Layout diagram of measurement points in Shuigu village.

two groups of buildings for microclimate measurements: one group from
Dawan Village with wooden exterior walls and another group from Shuigu
Village with brick and stone exterior walls. A total of six measurement points
were established in each of the two courtyards, along with seven additional
points inside the building (Figs. 5 and 6).

Based on the background environmental analysis (The data is
sourced from https://energyplus.net/), this study selected July—the hot-
test month in the region—as the period for conducting on-site micro-
climate measurements. According to the daily average temperature
variations in July (Fig. 7), the highest daily average temperature occurred
on July 31st, reaching 31.8 °C, which significantly exceeds the human

comfort temperature threshold. Consequently, this study determined
July 31st as the optimal measurement date. Continuous data recording
takes place over a 12-h period from 7:00 to 19:00. The measured data
were recorded every minute, with 1h as the test interval. The average
value of the five data obtained from a continuous 5 min was used as the
measured value for the period.

The meteorological station (YSBXC, Resolution: 0.1°C, Accuracy:
+0.3°C) is strategically positioned at an elevated location within the set-
tlement, while a Hand Meteor meter (YS-SQXY, Resolution: 0.1°C,
Accuracy: 0.1 °C) and a Photoelectric Radiometer (YS-SJYZ, Resolution:
1 w/m’, Accuracy: +3%) are precisely placed at the centroid of survey points.
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Fig. 6 | Layout diagram of measurement points in Dawan village.
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The height of 1.5m has been chosen for all sensors as it represents the
optimal sensitivity for human thermal perception.

ENVI-met modeling

ENVI-met is widely recognized as a leading tool for microclimate simula-
tion in urban environments at small to medium scales, and it has been
extensively applied in studies on the microclimatic adaptability of outdoor
spaces within traditional settlements. Its reliability and accuracy in such
contexts have been well validated by numerous studies’™”. In this research,
ENVI-met version 5.8.0 was employed for all simulations.

The geographical coordinates (108.2°E, 31.6°N) were defined based on
the location of the research subjects. The computational domain was set to a
network scale of 50 x 50 to match the spatial dimensions of the target
courtyard, while the grid resolution (x=1, y=1, z=1) was determined
according to the spatial characteristics of the alleyway. According to the
characteristics of existing traditional buildings, key environmental para-
meters—including building materials ([0200B3] Brick wall, [0200R1] Tile),
vegetation, DEM/terrain, heat sources, soil, and surface conditions—were
configured accordingly. Receptors were placed at the central measurement
points within the courtyard to serve as reference locations for validating the
simulation results.

July 31st and December 26th were selected as the simulation dates
representing the hottest and coldest days, respectively. The simulation start
time was set to 0:00. Considering that ENVI-met requires a 1-h initialization
period, the total simulation duration was configured to 25h in order to
capture a complete 24-h cycle. The simulation mode was set to Basic
Meteorology. Air temperature, relative humidity, wind speed, and wind
direction—key parameters of the boundary conditions—were primarily
derived from data collected by the meteorological station located at the
highest elevation within the settlement.

First, the original models were constructed using SketchUp, with their
spatial characteristics summarized in Table 1. Initial spatial analysis revealed
that traditional Tujia-style courtyards in both Shuigu Village and Dawan
Village feature distinct alleyway spaces. Although the two villages differ in
structural configuration, they exhibit similarities in fundamental spatial
organization. Specifically, the alleyways are covered at the top, bounded on
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one side by solid walls and on the other by semi-open structural columns. A
narrow-enclosed passage connects these spaces. The primary difference lies
in the distribution pattern: in Shuigu Village, alleys are arranged on both
sides of the courtyard, whereas in Dawan Village, they form a continuous
spatial sequence (Fig. 8). Furthermore, preliminary spatial analysis suggests
that narrow alleyway spaces may generate a funneling effect, which accel-
erates airflow. In contrast, open alleyways can expand the effective venti-
lation area and facilitate greater air circulation, thereby potentially
improving the microclimatic conditions within the courtyard (Figs.
9 and 10). However, to confirm these assumptions, targeted microclimate
measurements and simulation analyses are required to further elucidate the
microclimate-regulating function of alleyway spatial configurations in
humid and hot regions. In this study, ground material was held constant and
not considered a variable parameter. Both courtyard groups and alleyways
were uniformly covered with dark, flat soil, and the surface reflectivity was
consistently set to 10% across all simulations.

To clarify the microclimate-regulating effects of alleyways on court-
yards in humid and hot regions, and to identify the key spatial elements
involved, we constructed four variable models for traditional buildings in
Shuigu Village and three variable models for those in Dawan Village.
Existing studies have demonstrated that the AR and spatial form sig-
nificantly influence microclimate regulation within alleyway spaces™**”".
Accordingly, we modified the AR and spatial form of the existing alleyway
structures individually to construct a single-variable model matrix (Fig. 11),
followed by numerical simulation analysis. Detailed parameters of the
variable models are presented in Table 2.

The simulation results indicate that the alleyways in Dawan Village and
Shuigu Village exert a significant regulatory effect on the hot and humid
climate. During summer, they effectively moderate temperature and
humidity levels within the courtyards, while maintaining a relatively com-
fortable microclimate during winter. To validate the reliability of the model,
we employed the root mean square error (RMSE) (Formula 1) and the
agreement index (d) (Formula 2) as evaluation metrics. As illustrated in Fig.
12, the simulated results demonstrate a strong correlation with the mea-
sured data, with consistency indices (d) of 0.84 and 0.83, both falling within
the 0.8-0.9 range, which indicates good model performance. However,
although the consistency index meets the required criteria, the RMSE values
appear relatively high. According to the existing literature™, acceptable
RMSE thresholds are typically classified into two levels: <1 °C and <2 °C,
with most studies adopting <1 °C as the standard for reliable simulations.
Our analysis reveals that the largest discrepancies occur between 02:00 and
09:00 corresponding to nighttime hours when measured temperatures are
significantly lower than simulated ones. This deviation is attributed to the
limited spatial scale of the ENVI-met model, combined with the rapid
nocturnal heat exchange between the traditional buildings and their sur-
rounding mountainous environment during summer nights, leading to
faster cooling in reality than in the simulation. To further validate the
simulation accuracy under these conditions, the index of agreement (d) was
employed as a complementary metric. The obtained d values of 0.84 and
0.83, which indicate strong agreement between observed and simulated
data, support the overall credibility of the results. These findings confirm
that the model is credible and suitable for further simulation analysis. By
comparing the simulated data with the measured data, it can be observed
that the measured values were significantly lower than the simulated results
before 12:00. Conversely, in the afternoon, the simulated data slightly
underestimated the measured values. These discrepancies primarily arise
because the ENVI-met simulation cannot accurately account for the heat
radiation and absorption characteristics of building walls and ground sur-
faces. Consequently, the natural ground’s heat absorption during summer is
overlooked, resulting in higher nighttime temperatures. During daytime
hours, the heat radiated from the ground and walls into the air is not
adequately captured, leading to an underestimation of temperature in the
simulation. Although ENVI-met has certain limitations in the simulation
process, these do not affect the validity of the variable models used in this
study. Since the materials of the ground and walls remain unchanged across
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Table 2 | Detailed parameters for each variable model

Village Variable model Variable

Shuigu Variable model 1(V1) AR increase: 2.16/1.14
Variable model 1(V2) AR decrease: 0.54/0.285
Variable model 1(V3) Spatial dislocation
Variable model 1(V4) Entity boundary

Dawan Variable model 1(V5) AR increase: 0.64

Variable model 1(V6)
Variable model 1(V7)

AR decrease: 0.16

Entity boundary

all scenarios, the accuracy of the comparative analysis of the simulation data
can be maintained.

I o
RMSE = ‘/;Ztﬁl(yz -7

yi denotes the measured value, y; represents the simulated value, and #
is the total number of samples. A lower RMSE value indicates higher model
accuracy.

(Formulal)

i (fi-f)bi-7)

d=
VG- S i)

fiand y; denote the simulated and measured values, respectively, f and y
represent their corresponding mean values. Model accuracy increases as the
index of agreement (d) approaches 1.

(Formula2)

Results

Human Comfort Index (ICHB)

To more clearly illustrate the influence of alleyway spatial variations on
indoor and outdoor environmental comfort, we calculated the human
thermal comfort index (Formula 3) for the study area. The results indicate

that the thermally comfortable range during summer corresponds to tem-
peratures between 20 °C and 24 °C and relative humidity levels from 60% to
70%. Comfort increases as temperature and humidity approach these ranges
(Table 3). To ensure clarity and conciseness in subsequent presentations, the
human comfort index will not be repeatedly referenced; instead, the dis-
cussion will focus on how alleyway configurations affect microclimatic
comfort by evaluating how closely temperature and humidity values
approach the established comfort range.

RH
ICHB:(1.8><T+32)—0.55><<1 >><(1.8><T—26)—3.2><«/\_/

100
(Formula3)

In this equation, ICHB refers to the Human Comfort Index, T denotes
the ambient temperature, RH represents the ambient relative humidity, and
V signifies the ambient wind speed.

Alleyways significantly regulate high temperature and humidity in
hot-humid regions during summer

Through field measurements and analysis, it is evident that the effective air
exchange function of the alleyways significantly improves the thermal
conditions both within courtyards and indoor spaces. The maximum air
temperature of environment reaches 39.5 °C, while the minimum indoor
temperature at the same time is 29.8 °C, resulting in a difference of 9.7 °C.
This corresponds to a regulation efficiency of 24.5%. As can be seen, the
implementation of a specialized spatial layout effectively achieves tem-
perature regulation in hot climatic conditions (Fig. 13).

Furthermore, wind environment measurements revealed a significant
increase in air velocity within the alleyway areas. As shown in Fig. 14, the
wind environment within alleyways is markedly better than that of the
surrounding open areas, with the maximum daily wind speed reaching
2.8 m/s. Particularly during the hottest part of the day, the improvement in
the alleyway wind environment is especially pronounced. This further
confirms that alleyways have a positive impact on improving the wind
environment within building courtyards. Particularly in hot and humid
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Table 3 | Grading standards for the human comfort index established by the China Meteorological Administration

Level Rank Index Body sensation
Cold and uncomfortable 1 ICHB <25 Cold, feeling very uncomfortable, with the risk of frostbite
2 25 <ICHB <38 Cold, most people feel uncomfortable
3 38 <ICHB <50 Cold, some people may feel uncomfortable
Comfortable 4 50 <ICHB <55 Cool, but most people feel uncomfortable
5 55 <ICHB<70 Comfortable, which is felt by the majority of people
6 70 <ICHB<75 Warm and cozy, most people feel comfortable
Hot and uncomfortable 7 75 <ICHB < 80 Hot, a few people are feeling uncomfortable
8 80 <ICHB < 85 Hot, and most people felt uncomfortable
9 85 <ICHB The extreme heat is intolerable, resulting in significant discomfort
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Fig. 13 | Comparison and analysis of temperature changes at various monitoring
points in Dawan Village.

regions, this effect can effectively mitigate adverse microclimate conditions
inside the courtyards.

Alleyways also significantly regulate the cold, humid winter cli-
mate in hot-humid regions

Based on the measurement results obtained during the summer season, it is
evident that the alleyway plays a significant role in regulating the courtyard’s
microclimate environment. This raises the question: can the alleyway
maintain its effectiveness in microclimate regulation during the winter
season? Simulation results indicate that the air temperature within the
courtyard during winter nights is notably higher than that of the sur-
rounding environment, particularly at 6:00. In the simulated courtyard of
Shuigu Village, the air temperature was 3.2 °C higher than the ambient
temperature, achieving a regulation efficiency of 160%, which demonstrates
a highly significant thermal improvement. This effect can be primarily
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Fig. 14 | Daily variations of wind speed and air temperature at the alleyway.

attributed to the ability of alleyways to redirect wind flow, channeling cold
winter winds from the front towards both sides. As a result, the amount of
cold air entering the courtyard is reduced, thereby creating a more com-
fortable microclimate during winter nights and contributing to increased
indoor thermal comfort (Fig. 15).

After 12:00, as solar radiation gradually intensifies, the air temperature
within the courtyard becomes slightly lower than the ambient temperature
due to shading from surrounding buildings. However, the difference is
minimal, and the courtyard temperature remains essentially consistent with
the external environment. These findings indicate that in the winter climate
of humid and hot regions, alleyways function as a “barrier,” effectively
reducing wind speed. Particularly between 3:00 and 8:00 at night, the wind
speed inside the courtyard is nearly 1 m/slower than that of the surrounding
area. During daytime hours, while the ambient wind speed decreases in a
stepwise manner, the internal wind environment of the courtyard remains
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relatively stable. This suggests that alleyways can regulate the volume of
incoming wind within a certain range, thereby maintaining a stable wind
environment and contributing to thermal stability within the courtyard
(Figs. 16 and 17).

Simulation results of the variable model

To further validate the regulatory effect of alleyways on the courtyard
microclimate and elucidate the underlying mechanisms, four variable
models for Shuigu Village and three variable models for Dabian Village were
developed based on spatial characteristics. These models were used to
investigate the influence of AR, location, and enclosure conditions on the
microclimate regulation performance of alleyways.

As the AR increases, the alleyway becomes narrower and the spatial
configuration more compact. Simulation results indicate that during winter,
when wind primarily flows from the southern to the northern part of the
courtyard, the alleyway exerts a relatively weak influence on wind direction
regulation. Consequently, increasing the AR does not significantly affect the
wind environment (Fig. 18), nor does it lead to notable changes in courtyard
air temperature (Fig. 19). In contrast, during summer, when wind direction
aligns with the orientation of the alleyway, variations in AR can substantially
influence the wind environment, thereby altering the microclimate within
the courtyard (Fig. 20). Research indicates that an increase in AR leads to a
significant rise in courtyard temperature in Shuigu Village compared to the
original model, reaching 0.6 °C at 8:00. In contrast, no notable temperature
change is observed in Dawan Village courtyards. This difference can be
attributed to the spatial configuration of Shuigu Village, where symmetrical
alleyways on both sides form a more enclosed courtyard space with higher
enclosure levels. These alleyways serve as key pathways for heat exchange
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Fig. 15 | Winter air temperature simulation results of Shuigu and Dawan Village.

between the courtyard and the external environment. As AR increases, these
passages narrow, reducing heat exchange efficiency and consequently
causing a temperature rise within the courtyard. On the other hand, Dawan
Village features a relatively open courtyard layout with a distinct wind vent
located in the upper left corner. The internal wind environment is less
influenced by alleyway configurations, resulting in minimal impact of AR
variation on the courtyard microclimate (Fig. 21). Therefore, in compact
and enclosed courtyard layouts, increased AR may reduce microclimate
regulation effectiveness in humid and hot regions during high-temperature
periods, whereas the effect remains insignificant in other contexts.

Building upon the previous set of variable models, we separately
reduced the AR of alleyways in both Shuigu Village and Dawan Village and
re-conducted the simulations. The results indicated that during winter, the
microclimate environments of courtyards in both villages remained largely
unchanged under reduced alley AR conditions (Fig. 22). The consistency
index between the original model and the variable model simulation data
was 1 for both locations. This suggests that a reduction in AR does nothave a
significant effect on the winter microclimate environment of these court-
yard settings.

In summer, notable changes were observed. As the aspect ratio (AR)
decreased, the alleyways became wider, allowing increased airflow (Fig. 23),
which effectively improved the courtyard microclimate. In the relatively
enclosed courtyards of Wugu Village, a reduction in alleyway AR led to a
significant improvement in the internal microclimate. The daily average
temperature decreased by 0.12 °C, with the maximum temperature differ-
ence occurring at 6:00, reaching 0.6 °C. Conversely, the more open court-
yards of Dawan Village were less influenced by changes in alleyway AR,
showing no significant variation in microclimate conditions (Fig. 24).

35 ¢

3+ P

25

Z \

5 2 ped e e T +

3 i

&

< 1.5

£

1 \

0.5

o Ly e e
=== =A== == = = =R = = I =R = R = = = = = A = = =
ST T T TIT oo ST eSS
— N N T \nn O > 0 N —~— AN oS0 —~ A n O

__________ SIRSIRARS
Time
Shuigu Village +Dawan Village -<-Environment

Fig. 17 | Winter wind speed simulation results of Shuigu and Dawan Village.

Potential Air Temperature

B below 3.69°C
B 36904.07°C
[ 07wddsec
[ ¢4swassc
[ ssswmsa2ec
] sawsec

¥ (m)

B c%wersC
B stove675°C

Min: 331 °C
Max 7.13°C

Flow v
< 020ms
- 040ms
— 060mis
— 080ms
— 100mis

W wm wm wm Go 00 mo 00 0 A
X

Fig. 16 | The alleyway can direct the direction of the wind.

100.00. {

0.0
0.0
Potential Air Temperature
B beow 3.44°C
B 3410385°C
2 3s5m0427°C
O s7massc
[ “sws08°C
3 stswssicc
] ssiwsnc
Bl 5520633°C
El 6330675°C
B sbove675°C

Min: 303 °C
Max: 716 °C

Y(m)

000 200 3000 40 500 €0 700 800 N0 1000 ‘
X()

npj Heritage Science| (2025)13:651

10


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-02244-2

Article

%

Y(m)

¢ Inaoooom §

_H

L

Potential Air Temperature

¥(m)
8
8

= |

3 se7wessec
EE 634w682°C
E 652107.29°C
B stove729°C

e s s e e s A
X(m

Fig. 18 | 6:00 wind speed (left) and temperature (right) in the courtyard of Shuigu Village in winter.

o

IS
n
xm
<

Air temperature(°C)
Air temperature(°C)
w

)

0 T T S S S S S S SO N S S SO S P
S A A R R R RTINS
Q ,»Q %Q S 5Q bQ ,\Q S QQ\Q S WQ ,\)B\ B\ﬁb\bﬁ\,\ﬁ\ B\qbf\, Q'\/ Q'\C\’B'\'}’B QB

Time
--#-- Shuigu Village(V1) —» -Dawan Village(V5) - ‘® - Shuigu Village(O)
Dawan Village(O) —— Environment

Fig. 19 | Comparative analysis of winter variable models (V1 & V5) and the original
model in terms of temperature.

40

38

36

34

32

30

Air temperature(°C)

28

26

P R AR RN RN ®
Q,»Q,\’Q Q'vb Q,\Q QQQQQQQQL)Q‘OQ,\QQQQQ%QQQ

o RNV AINEN DTN
Time
--#-- Shuigu Village(V1) - -Dawan Village(V5) - = - Shuigu Village(O)
Dawan Village(O) —— Environment

Fig. 20 | Comparative analysis of summer variable models (V1 & V5) and the
original model in terms of temperature.

Therefore, in humid and hot regions, reducing AR can serve as an effective
strategy to enhance the microclimate of relatively enclosed courtyards.

The alleyways in Shuigu Village and Dawan Village share a common
characteristic: one side is bounded by a building, while the other side features
an open space formed by a colonnade. This distinctive spatial configuration
constitutes the core focus and primary objective of the present study. To
investigate whether such columned-structure alleys exert a positive reg-
ulatory influence on the microclimate within courtyards located in humid
and hot regions, we developed a corresponding variable model—Entity
boundary (V4 & V7). By comparing and analyzing the simulation data, we
aimed to more accurately assess the role of colonnaded corridors in
microclimate regulation within these courtyard settings. Research findings
indicate that the degree of alley enclosure has minimal influence on the
courtyard’s microclimate environment. This can be attributed to the pri-
mary function of the alleyway, which is to facilitate heat exchange between
the interior and exterior of the courtyard. Since enclosure does not sig-
nificantly alter the efficiency of this heat exchange process, the variable
demonstrates limited impact on the overall courtyard microclimate
(Fig. 25).

Although the impact of colonnaded alleyways and enclosed alleyways
on the courtyard microclimate did not exhibit significant differences, our
simulation results revealed an intriguing phenomenon. When the colon-
naded alleyway was enclosed, its interior became largely isolated from the
external environment, resulting in the formation of low-temperature valleys
or high-temperature peak shadows outdoors. This transformation

contributed to the creation of a more comfortable outdoor activity space
(Table 4). The analysis indicates that during winter, the temperature within
the alleyways of Dawan Village was significantly higher compared to the
original model, with a daily average increase of 7.7 °C. In Shuigu Village, the
daily average temperature inside the alleyways rose by 2 °C compared to the
original model. These findings suggest that when alleyway sides are enclosed,
heat exchange between the interior and exterior is reduced, leading to the
formation of a relatively closed environment that enhances the internal
microclimate. As for summer, the simulation results of both the original and
variable models showed minimal differences, with nearly identical daily
temperature variation curves. Therefore, in the more open layout of Dawan
Village, side-enclosed alleyways demonstrate greater potential for improving
thermal comfort during cold winter conditions. Furthermore, a comparative
analysis of the variable model simulation results between Dawan Village and
Shuigu Village reveals distinct thermal performance characteristics. The
alleyway temperatures in Dawan Village maintain a relatively high level
throughout winter and exhibit minimal nocturnal decline. In contrast,
Shuigu Village demonstrates a linear temperature decrease during the same
period. This discrepancy can be attributed to the strong wind tunnel effect
generated by the two opposing alleyways in Shuigu Village, which accelerates
internal airflow and significantly influences the microclimate. During
summer nights, Shuigu Village records higher temperatures than Dawan
Village, while daytime values remain nearly identical. This phenomenon is
primarily due to the more enclosed spatial configuration of Shuigu Village,
which restricts nighttime heat dissipation by limiting air exchange between
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the alley interiors and the external environment, thereby sustaining elevated
thermal levels (Fig. 26).

In the comparative analysis of the original models, the daily average
temperature of alleyways in Dawan Village during winter was higher than
that in Shuigu Village, with the temperature variation curve consistently
elevated throughout the day (Fig. 26-F). This difference can be attributed to
the opposing alley layout in Shuigu Village, which creates a wind tunnel
effect and deteriorates the wind environment within the alleyways during
winter. Therefore, in alleyway design for humid and hot regions, it is
advisable to avoid configurations that promote air convection.

As previously discussed, the spatial configuration of two adjacent
alleyways in Shuigu Village is highly conducive to air convection and the
formation of strong wind channels. To assess whether such wind channels
influence the courtyard microclimate, we implemented a spatial offset
design for the left and right alleyways within the courtyard and conducted
simulation analyses under identical boundary conditions. The results
indicate that spatial displacement does not significantly alter the microcli-
matic regulation capacity of the alleyways. Wind environment simulations
(Fig. 27) demonstrate that each alleyway can independently form a wind
channel, thereby having no substantial impact on the wind conditions
within the courtyard interior.

Discussion
With the global expansion of urbanization, human civilization has entered a
new era. However, this does not imply that traditional practices should be

entirely discarded. On the contrary, traditional wisdom serves as a crucial
ideological foundation for the development of modern cities and societies. A
key challenge now is how to achieve the protection and sustainable devel-
opment of traditional settlements: should all elements be preserved, or
should efforts focus on prioritized aspects? If so, what should these priorities
be? These interrelated questions continue to shape the developmental tra-
jectory of spatial research on traditional settlements. Although a significant
body of research has examined the microclimate adaptability characteristics
of traditional settlement spaces”, and has identified climate-responsive
strategies such as rammed earth walls and sunrooms”’, understanding of
alleyways—a unique spatial element—remains limited. While the beneficial
roles of alleys in facilitating wind channels and providing shading have been
widely acknowledged™>”’, scholars have yet to clearly define which specific
alley types are best suited to particular environmental conditions. This
study, based on microclimate simulation analysis of alleyways in traditional
Tujia villages located in humid and hot regions, not only clarifies the reg-
ulatory role of alleyways in shaping the courtyard microclimate, but also,
through multivariate comparative analysis, reveals how specific spatial
attributes—such as AR, orientation, and openness—exhibit varying degrees
of adaptability to distinct climatic conditions. By doing so, this research
advances both alleyway studies and the broader field of microclimate
adaptability in traditional settlements to a higher level of theoretical
understanding.

Through comparative analysis of numerous variable models, this study
reveals that factors such as entity boundaries and spatial displacement exert
minimal influence on the courtyard microclimate in hot and humid regions,
thereby rendering their impact negligible. Consequently, it can be concluded
that the alleyway’s regulatory effect on the internal courtyard microclimate
is predominantly determined by its AR—a relationship that has not been
explicitly established in prior research. This finding represents a significant
theoretical advancement of the study. Furthermore, this study clarifies how
variations in AR—both increases and decreases—affect the efficiency of
microclimate regulation within courtyards. Notably, in enclosed courtyards,
changes in AR lead to significant differences in the regulatory impact of
alleyways on the courtyard microclimate. In contrast, such effects are less
pronounced in open courtyards. This differential response has not been
previously documented in existing literature. The findings indicate that
alleyways achieve optimal microclimate regulation efficiency when the AR
ranges between 0.285 and 0.54. Furthermore, this study has identified an
intriguing phenomenon: the transformation of colonnades into solid
interfaces does not substantially alter the microclimate within the courtyard.
However, it significantly enhances the microclimate regulation efficiency of
the alleyways themselves. Enclosed alleys demonstrate superior perfor-
mance compared to open ones in humid and hot regions. Therefore, in
traditional settlement renewal projects within such climates, appropriate
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modifications—such as enclosing colonnades to form solid spatial bound-
aries—can be implemented. When lateral enclosure of the courtyard occurs,
the central courtyard should remain relatively open, and measures should be
taken to prevent air convection, thereby preserving the thermal stability
provided by alleyways during winter.

The seasonal variation in microclimate regulation represents another
key innovation of this study. In humid and hot regions, the alleyway’s
influence on courtyard microclimate is most pronounced during summer,
while its effect diminishes significantly in winter. This pattern is primarily
governed by the directional characteristics of the wind environment.
Moreover, the analysis reveals that enclosed courtyards exhibit enhanced
thermal regulation by alleyways during hot summer periods—a finding
consistent with previous studies on traditional settlement courtyards''. Asa
critical outdoor activity space, the courtyard’s microclimate environment
directly influences human thermal comfort during outdoor activities.
Consequently, traditional settlement residents have long emphasized the
use of spatial elements to regulate courtyard microclimates”. However,
previous studies predominantly focused on internal courtyard factors such
as AR, underlying surface materials, spatial enclosure degree, vegetation
coverage, and shading®™*, often overlooking the auxiliary roles played by
external spatial elements—such as the alleyways highlighted in this study—
in shaping courtyard microclimatic conditions.

In winter, the predominant south-to-north wind direction, combined
with the lateral positioning of alleyways relative to courtyards, limits their
capacity to divert or block cold winds. This results in direct exposure of
courtyards to cold airflows, thereby undermining their microclimate

regulation function. In contrast, during summer, the prevailing east-to-west
wind direction aligns closely with the orientation of alleyways, enabling
them to facilitate heat exchange between the courtyard interior and exterior.
This dynamic significantly improves the microclimatic conditions within
courtyards located in hot and humid regions. Therefore, the selection of
alleyway configurations should be guided by the dominant wind directions
in winter and summer, leveraging the wind duct effect of alleyways to
optimize microclimate regulation within courtyards.

Comparative analysis reveals that the application of this study’s the-
oretical findings requires careful consideration of alleyway implementation
contexts. Previous studies either failed to identify or inadequately defined
the practical pathways for alleyway application’. Building upon existing
research, this study advances the field by proposing concrete optimization
strategies for alleyway design and utilization. Firstly, alleyways with physical
boundaries demonstrate superior performance compared to columned-
space alleyways. Simulation results indicate that both alleyway types exert
limited influence on the courtyard’s internal microclimate. However, the
microclimatic conditions within physically bounded alleyways are markedly
better than those in columned alleyways, particularly during winter. The
temperature inside these alleyways can reach approximately 15 °C, falling
within the thermal comfort range for winter outdoor activities. Therefore, in
urban settlement design within this region, physically bounded alleyways
can serve as effective extensions of habitable outdoor space during colder
seasons. Secondly, enclosed courtyards in hot and humid regions are more
effective in facilitating the wind tunnel effect within alleyways, thereby
enhancing air circulation and improving summer microclimatic conditions
inside the courtyards. Therefore, urban settlement designs in such regions
can benefit from emulating the layout of enclosed courtyards and inter-
connected alleyways found in Shuigu Village, offering an adaptive strategy
to mitigate the challenges posed by high summer temperatures. Finally, this
study identified a critical wind passage within the courtyard of Dawan
Village (Fig. 25). The existence of this wind passage substantially diminished
the microclimate regulation efficiency of the alleyways. Regardless of season
—whether winter or summer—it hindered the formation of effective
pressure differentials between the interior and exterior of the courtyard,
leading to restricted airflow and inefficient heat exchange. Therefore, in the
planning and construction of urban settlements in this region, potential
wind passages should be proactively sealed to ensure that alleyways can fully
perform their intended microclimate regulation function.

This study conducted a microclimate adaptability assessment of
representative traditional buildings belonging to ethnic minorities—speci-
fically the Tujia ethnic group—in hot and humid regions. The research
integrated on-site microclimate measurements with numerical simulation
techniques to evaluate climatic performance. Unique alleyway spaces within
these courtyard structures were selected as key analytical elements to explore
their adaptive relationship in response to local climate conditions. Although
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Table 4 | Simulation results of the physical boundary lanes in Shuigu Village and Dawan Village

Sample Air temperature (°C) Wind speed (m/s)
Shuigu Village (V4) Winter
Summer
Dawan Village (V7) Winter
W,}‘wwﬁg}
Summer

the study followed a rigorous methodological framework and logical pro-
gression, ensuring the reliability and feasibility of the findings, the conclu-
sions offer both theoretical insights and practical implications. Nevertheless,
the following limitations remain: This study focused exclusively on
demonstrating the microclimate regulation capabilities of alleyways in hot

and humid regions, without conducting comparative analyses with alleyway
structures in arid-hot, temperate, and cold climatic zones. Consequently, it
lacks a comprehensive understanding of how specific alleyway spatial
configurations adapt to diverse regional climates. This limitation will be
addressed through expanded comparative research in our future work. This
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summer simulated temperatures between the original model of Shuigu Village and
the original model of Dawan Village.
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Fig. 27 | Simulation results of the spatial offset design in Shuigu Village courtyard (left: winter; right: summer).

study lacks essential empirical validation due to constraints in research
duration and field conditions. As a result, the conclusions derived from this
research could not be practically implemented or tested, limiting the ver-
ification of the findings. In future research, we aim to explore feasible
opportunities for project implementation in the region, conduct post-
occupancy performance evaluations, and thereby substantiate the validity of
the current study’s outcomes. Limited sample size constitutes a limitation of
this study. The research focused on traditional Tujia settlements located in
the parallel valley region of northeastern Sichuan Province. The unique
topography of this area gives rise to a distinct climatic pattern marked by hot
and humid summers and cold, damp winters, which provided an ideal
context for microclimate field measurements. As one of China’s repre-
sentative ethnic minority groups, the Tujia have historically inhabited
humid and hot regions, developing settlement patterns that embody pro-
found climatic adaptation strategies. However, urbanization has severely
reduced the number of surviving traditional settlements. Despite extensive
field investigations conducted over an extended period, only two well-
preserved courtyard structures were identified. Future research will

continue to explore the region with the aim of locating additional historical
remnants for further study.

This study employed climate adaptability research methods to sys-
tematically analyze the microclimate regulation effects of traditional
courtyard architectures and alleyway spaces within Tujia ethnic settlements
in hot and humid regions. The key findings derived from this research are as
follows.

AR serves as a critical factor in microclimate regulation within the
alleyways of this region. Specifically, spacious alleyways with lower AR
values (AR < 0.5) facilitate a higher rate of heat exchange, thereby improving
the overall efficiency of microclimate modulation.

Enclosed courtyard spaces tend to induce a wind duct effect within
alleyways, resulting in a 50% increase in summer wind speed through these
passages. This phenomenon accelerates heat exchange between the interior
and exterior of the courtyard, thereby improving the microclimate regula-
tion efficiency of the alleyway by 5.3%.

Columned alleyways and solid boundary alleyways exhibit comparable
efficiency in microclimate regulation for courtyard spaces. However, the
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internal environment of solid boundary alleyways demonstrates superior
microclimate performance. Notably, during winter, these alleyways can
achieve an internal temperature increase of up to 350%, leading to a sub-
stantial improvement in the outdoor microclimatic conditions.

For urban settlement construction in this region, closed courtyard

layouts combined with solid boundary alleys featuring an AR below 0.5 are
recommended. These design strategies effectively optimize and enhance the
microclimate environment within both courtyards and alleyways.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article [and its supplementary information files].
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