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Abstract: This study investigated the adaptations of traditional dwellings to the complex regional
microclimate in southern Zhejiang, China. Typical traditional dwellings in a village in the foothills
and a village on the mid-slopes of Zhejiang’s alpine region were selected to study traditional
construction strategies for climate responsiveness and the comfort level of indoor environments
during the very humid plum rain season in early summer. Fundamental analysis of the climate and
architecture, a response analysis of the dwelling form, an occupants’ comfort satisfaction survey,
and field measurements of indoor and outdoor thermal environmental parameters were performed.
The traditional dwellings and their design strategies for various regional environmental factors
were explored from the perspective of (1) regional climate-adaptive strategies, (2) the thermal,
airflow, lighting, and acoustic qualities of the indoor environment, and (3) the occupants’ indoor
environment satisfaction. The results indicated that traditional dwellings in southern Zhejiang
incorporate strategies of various effectiveness in ensuring indoor comfort.

Keywords: ancient dwellings; climate responsive architecture

1. Introduction

1.1. Study Background

Traditional architectural forms are well-known for adapting to their environment [1]. To do so,
buildings must balance human needs against specific geographic and climatic conditions. Through
long-term trial and error, traditional dwellings have come to exhibit excellent abilities to integrate
into the natural environment and adapt to unpredictable climates and challenging terrains. Recently,
however, this passive architectural design strategy has become increasingly scarce [2,3]. Ancient
dwellings possess “climate-adaptive” architectural forms [4] from long-term exploration and gradually
accumulated architectural skills and techniques. These indoor environments are unique compared
to urban residences as they apply passive technologies to directly affect the natural operation of the
buildings. These passive, energy-saving technologies must be studied not only to preserve traditional
architectural culture but also to inform the development of modern green and energy-efficient
residential buildings.

The indoor environment of any dwelling strongly influences the physical and psychological health
of the occupants. In 1985, Japanese scholar Shōzō Uchii applied “construction practice theory” to
emphasize the relationship between the indoor living environment of local architecture and human
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health [5]. Rapoport analyzed the scale and material textures of local architecture and suggested
that its form is affected by factors, such as natural conditions and topography, and closely influences
human health [6]. Yang et al. conducted extensive research on bioclimatic architectures and proposed
that architectural design strategies should account for climatic conditions [4,7]. This is also known as
the “design with climate” approach. Prior research on traditional dwellings has typically focused on
indoor thermal environment testing [8,9], dwelling evolution [10,11], architectural language [12,13],
and construction technology and structural design [14,15]. However, limited research has been
conducted on human comfort in the indoor environments of traditional dwellings, especially with
respect to bioclimatic architecture [16]. Thermal comfort, lighting comfort, and acoustic comfort have
all been identified as important parameters for evaluating the environmental comfort provided by a
building [17]. Zhao et al. discovered that the indoor thermal environment of traditional dwellings is
not ideal due to a lack of scientific design [18,19]. However, it remains necessary to conduct holistic and
systematic research on traditional dwellings to evaluate the climate responsiveness of their construction
and apply successful traditional design strategies in the design of healthy modern residential buildings.

A large proportion of residential buildings in China are rural dwellings. Although ASHRAE
55 [20] is the internationally accepted standard for thermal environmental comfort, domestic and
foreign scholars have conducted many thermal comfort field tests and concluded that the actual
thermal sensation of occupants in indoor thermal environments considerably differs from predictions
based on ASHRAE 55 [20]. The main reasons for this difference lay in the behavioral adaptability and
psychological expectation of residents regarding their climate [21]. Therefore, research on the comfort
of local residents is of great significance to the implementation of local residential building codes.

This study accordingly performed a holistic and comprehensive evaluation of the climate-responsive
strategies of traditional dwellings in southern Zhejiang, China. The effects of the climate adaptive
functions of these buildings on the microclimate and occupants’ response to the indoor environment
were thus reassessed. This study not only served as a reference for devising local regulations for
the construction of healthy habitats in southern Zhejiang but also provided a scientific basis for the
preservation of the climate adaptive technologies of traditional dwellings.

1.2. Study Scope

Climate consists of macroclimate, mesoclimate, local climate and microclimate, according to the
influence of the statistical average state of the atmosphere as the spatial scale [22–24]. Local climate
refers to the climate of comparatively small regions with fairly uniform natural conditions [25,26].
In order to examine the local climate adaptive architecture of dwellings, the indoor environmental
quality (IEQ) of traditional rural dwellings and occupants’ health and environmental satisfactions were
investigated. In 2016, six work stations were established in the six typical geographical environments
of the Zhejiang Province. Sample villages were selected as research projects to reflect the various
geographical environments. Zhejiang Province is divided into six typical geographical environments,
each with its own unique topographic setting: ZJ Plain, West ZJ Hill, East ZJ Hill, Central Jin-qu
Basin, South ZJ Hill, and South-East Coastal Plain and Island. The characteristics of the traditional
architecture in each of these geographical environments reflect the climatic conditions of each location.

The result indicated that the alpine climate in southwestern Zhejiang, (specifically Jinyun County,
Lishui) is the most complex and extreme among the six investigated geographical environments.,
as it reflects the cumulative effect of geographical and climatic factors [27]. “Stereoscopic climate”
consists of different climate types simultaneously distributed within a given region, relating to seeing
space three-dimensionally [28]. Thus, a further in-depth study should be based on the microclimate
as the smaller size of the local size climate. “Microclimate” is defined as the distinctive conditions
within a region that is affected by various local factors, which result from small-scale differences in the
earth’s topography [26,29]. Heyang Village and Danzhi Village, which are located at the foothill and
mid-slope, respectively, of the alpine climate zone of southern Zhejiang, were selected for research.
In Zhejiang Province, the warm season is long, and the humidity is high, with no severe cold season;
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traditional dwellings are mainly designed for the warm season [30]. Previous studies have focused on
summer and winter season [31]; this study, however, investigated the little-known plum rain season in
early summer due to its unique conditions.

This study consisted of three phases: an investigation of the physical state of the ancient dwellings
in the subject villages, on-site measurements of their physical environments, and survey questionnaires
of their residents, detailed as follows:

1. First, the layout environment and architectural design of the dwellings were investigated.
2. Then, the indoor and outdoor physical environments were monitored on-site, and the measured

parameters were analyzed based on the thermal, lighting, and acoustic environments.
3. Finally, a survey was conducted to determine the occupants’ responses to their thermal, lighting,

and acoustic environments.

The differences in the architectural strategies for different stereoscopic climates in the same
microclimate region were thus explored under the natural operating conditions of the subject buildings
to verify the rationality and practicability of the climate responsive design of traditional dwellings in
southwestern Zhejiang.

1.3. Study Objectives

This study comprehensively evaluated the differences between the microclimate responsiveness
of dwellings and the realized IEQ to achieve the following research objectives:

1. Define the construction environment of dwellings for the geographical and climatic conditions in
southwestern Zhejiang.

2. Taking Heyang Village and Danzhi Village as case studies, discuss the climate adaptive design
strategies of site selection, community layout, the courtyard, roof, materials, and design
details of the villages, in order to gain insight into the traditional climate adaptive practices of
traditional dwellings.

3. Analyze the indoor thermal environment in plum rain season to determine the effectiveness
of the climate-responsive strategies in terms of factors, such as temperature, relative humidity
(RH), and wind speed, and determine whether the lighting and acoustic qualities of the indoor
environments provided by traditional construction methods meet the ASHRAE 55 standard.

4. Analyze the dwelling occupants’ experience and satisfaction of their physical living environment
and establish the thermal, lighting, and acoustic IEQ resulting from the climate responsive
measures of the dwellings using a questionnaire. Identify the challenges posed by the physical
environment of traditional dwellings in the region.

5. Review the differences between regional microclimates in the same climatic zone and explore
more optimized passive technologies for indoor environmental comfort.

The results of this study supported local architectural initiatives, such as the “Construction
Regulation for Beautiful Villages in Zhejiang Province” [32] and the “Assessment Standard for Healthy
Buildings” [33], and could provide supplementary guidelines for the construction of new residential
buildings in various stereoscopic climates. The results of this study served as a reference for the
construction of healthy habitats in southwestern Zhejiang and provided a scientific basis for the
preservation and innovation of the climate adaptive technologies used in traditional dwellings.

2. Methodology

2.1. Geographical Environment of the Study Area

Jinyun County, Zhejiang, is located in the southwestern region of Zhejiang Province. The area is
mountainous with limited plains. Both Heyang Village and Danzhi Village are ancient villages with
histories stretching back 1100 years. The water system and roads mostly retain the design features
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typical of villages constructed in the Yuan Dynasty. The region has a low-to-mid landform, and the
subject villages are 8 km apart with an altitude difference of 100 m (Table 1).

Table 1. Village conditions and survey population.

Village Geographical Conditions Average Elevation Surveyed Amount

Heyang flat plain 150 m 53 people
Danzhi hilly 260 m 50 people

Heyang Village, shown in Figure 1a,b, is located on flat terrain in a basin in the northwest hilly
region of Jinyun County and is surrounded by mountains on all sides. It has an average elevation of
150 m. The village faces southeast, overlooking a stream that flows from west to east. The ancient
village form is relatively preserved, and this village has been declared a “Historical and Cultural Site
Protected at the Provincial Level.”

Danzhi Village, shown in Figure 1a,c, is located in the hilly western area of Jinyun County, backed
by hills in the northeast and surrounded by water on three sides. It has an average elevation of 260 m.
The village is located in the foothills of a mountain and has been constructed partially up the side of
this mountain. Due to its relatively limited communication with the outside world, this village has
retained the traditional dwellings that are unique to the local ecology.
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Figure 1. (a) Location of sample villages and the layouts of (b) Heyang and (c) Danzhi.

2.2. Study of Climate Description

Meteorological parameters closely related to architecture include solar radiation, air temperature,
humidity, natural light, wind, and precipitation. Jinyun County has a subtropical monsoon climate.
According to the “Building Climate Demarcation Standard” of China [34], it is classified as a “Hot
Summer and Cold Winter” climate zone. The average annual precipitation is 1473 mm [35], the annual
number of precipitation hours constitutes greater than 50% of the year [36], and the annual average
wind speed is approximately scaled 1. However, typhoons are frequent and reach wind speeds of scale
6 to 8 in the low mountain range and scale 9 to 10 in the high mountain range. Early summer is called
the plum rain season, in which high humidity and continuous rains are experienced, and typhoons
and local thunderstorms are frequent in midsummer. Intense solar radiation, high temperature and
humidity, rainy conditions, and hail mainly occur between March and August [7,37]. The main
meteorological parameters of Jinyun County are summarized based on data from the Zhejiang
Meteorological Observatory and Lishui Meteorological Observatory, as shown in Figures 2 and 3.
These data indicate that the hottest month also has very high humidity.
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Figure 2. Monthly temperature and relative humidity (RH) in Jinyun County, Zhejiang Province, China.
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2.3. Study Microclimate and Climate Responsive Architectural Strategies

Climate responsive design strategies refer to the approach of utilizing favorable climate elements
and offsetting adverse climatic elements [38]. From a climate perspective, climate-responsive
architectures not only respond to climatic factors through the site selection of the building, the
layout of the community, the building unit, and the details of building design but also consider
the impact of climatic factors on the indoor physical environment and comfort level and provide
possibilities for occupants’ behavioral adjustment in their architectural design [39,40].

This paper comprehensively discussed the technical aspects of the climate responsive design
strategies of ancient dwellings in southern Zhejiang, including layout, orientation, spacing, wind
protection, heating and cooling of buildings, and natural ventilation. These strategies were evaluated at
the building complex, single-structure design, and local component developmental levels. The effects
of climatic factors on the design of ancient dwellings, as well as the indoor comfort corresponding to
the thermal environment, were also presented.

2.3.1. Climate and Spatial Structure

(1) Site selection and layout: Heyang Village is located on flat terrain, and the layout of the
buildings is parallel to and linearly distributed along the river. Some areas form a relatively open space,
and the majority of the buildings are courtyard houses, while others have a linear structure. There are
narrow avenues between the buildings. Danzhi Village is built around the river. It is backed by hills
on one side and surrounded by water on the other three sides. The village houses are distributed along
the hillside of the southern foothills in a U-shaped fashion. The buildings are more densely arranged in
Danzhi than in Heyang, forming a village pattern that faces the sun to the south and shelters the village
from the mountain winds from the north. Both villages are built close to a body of water to ensure
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sufficient sunshine and wind protection. Reviewing Figures 1 and 4, it is clear that the geographical
environment has a significant influence on the distribution of dwellings within these settlements.

Energies 2020, 13, x FOR PEER REVIEW 6 of 21 

 

densely arranged in Danzhi than in Heyang, forming a village pattern that faces the sun to the south 
and shelters the village from the mountain winds from the north. Both villages are built close to a 
body of water to ensure sufficient sunshine and wind protection. Reviewing Figures 1 and 4, it is 
clear that the geographical environment has a significant influence on the distribution of dwellings 
within these settlements. 

(a) 

(b) 

Figure 4. Site elevations of (a) Heyang and (b) Danzhi. 

(2) Courtyards: To manage the year-round high humidity, summer heat, and typhoons, the 
dwellings in the two subject villages have typically adopted a layout with a small inner courtyard. 
This arrangement is able to cope with the variations in the external climate. Isolation from the external 
environment allows for insulation and dehumidification; thus, the environment inside the courtyard 
is used to adjust the microclimate of the dwelling. By forming an enclosed microenvironment, the 
indoor and outdoor temperature difference generated by solar radiation creates thermal pressure. 
The draft created by this thermal pressure removes heat and extracts the hot and humid air from the 
rooms, reducing the indoor temperature. In the summer, the courtyard blocks sunlight and reduces 
the solar radiation entering the rooms, reducing the air temperature in the courtyard to provide a 
cooler space. The space above the courtyard is exposed to the sun, so the temperature above the 
courtyard is higher than that inside the courtyard; as the hot air rises, the pressure in the courtyard 
is reduced and generates a draft in the surrounding dwelling. The interior hot air flows out into the 
courtyard and creates a stacking effect. The courtyard, therefore, not only promotes dwelling 
ventilation but also has a cooling effect (Figure 5). The main courtyard-based dwelling form in 
Heyang Village is the 28-room double courtyard house, which takes advantage of the “drafting” 
effect of double courtyards. The main courtyard-based dwelling form in Danzhi Village is the 16-
room single courtyard house, which has distinct construction features used in mountainous terrains. 
Because of the pronounced topographical wind effect and the narrow available land, the courtyards 
are smaller and more enclosed with a minimal external opening area. As a result, they have a higher 
capability for adjusting the microclimate inside the building. 

Figure 4. Site elevations of (a) Heyang and (b) Danzhi.

(2) Courtyards: To manage the year-round high humidity, summer heat, and typhoons,
the dwellings in the two subject villages have typically adopted a layout with a small inner courtyard.
This arrangement is able to cope with the variations in the external climate. Isolation from the external
environment allows for insulation and dehumidification; thus, the environment inside the courtyard is
used to adjust the microclimate of the dwelling. By forming an enclosed microenvironment, the indoor
and outdoor temperature difference generated by solar radiation creates thermal pressure. The draft
created by this thermal pressure removes heat and extracts the hot and humid air from the rooms,
reducing the indoor temperature. In the summer, the courtyard blocks sunlight and reduces the
solar radiation entering the rooms, reducing the air temperature in the courtyard to provide a cooler
space. The space above the courtyard is exposed to the sun, so the temperature above the courtyard
is higher than that inside the courtyard; as the hot air rises, the pressure in the courtyard is reduced
and generates a draft in the surrounding dwelling. The interior hot air flows out into the courtyard
and creates a stacking effect. The courtyard, therefore, not only promotes dwelling ventilation but
also has a cooling effect (Figure 5). The main courtyard-based dwelling form in Heyang Village is the
28-room double courtyard house, which takes advantage of the “drafting” effect of double courtyards.
The main courtyard-based dwelling form in Danzhi Village is the 16-room single courtyard house,
which has distinct construction features used in mountainous terrains. Because of the pronounced
topographical wind effect and the narrow available land, the courtyards are smaller and more enclosed
with a minimal external opening area. As a result, they have a higher capability for adjusting the
microclimate inside the building.

(3) Cooling avenues: These narrow avenues are present in both villages (Figure 6a). The self-
shading of the buildings prevents direct sunlight on the facades fronting these avenues, lowering the
local temperature. Thermal pressure ventilation is created by the temperature difference between the
cooler avenue and the edge of the village. Concurrently, when the indoor temperature is high, the
cooling capacity of the thick walls and ground in the cooler avenues removes heat from the interior of
the buildings. Thus, cooling avenues have a climate-adaptive cooling effect.
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2.3.2. Climate and Spatial Form

(1) Heat radiation and rain proofing: To mitigate the effects of strong solar radiation, eaves are
installed on the first and second floors facing the inner courtyard. The second floor is mainly used for
guest rooms and storage. These overhanging eaves provide shade, while the attic acts similar to a
ventilated roof to serve as a thermal buffer between the living space on the first floor and the outside.
The eaves installed on the roof of the first floor are larger than those on the second floor, and they
project over the corridor to prevent direct heating of the walls. The corridor space created under these
eaves also provides insulation, shade, rain protection, and heat buffering between the indoor and
outdoor spaces. The eaves of Heyang Village are broad, whereas the eaves of Danzhi Village are small
(Figure 6b,c).

(2) Windproofing and wind guiding: A concave central hall eliminates an exterior wall and
extends into the courtyard, forming a semi-outdoor space. The courtyard and central hall form a
coherent design structure that acts as a natural ventilation system. Open on one side to the courtyard,
the central hall provides an ample interior space that results in a temperature difference between the
upper and lower spaces and creates thermal pressure ventilation that extracts the hot and humid
indoor air to the outside. The roof is not insulated, and the gaps between the tiles help to ensure proper
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2.3.3. Traditional Dwelling Materials

The envelope and window designs of the dwellings in the subject villages were selected to provide
a constant interior thermal environment.

(1) Envelope: The exterior walls of the dwellings in both villages are made of thick rammed earth
that has a small heat transfer coefficient, very high resistance to temperature change, and provides
heat insulation and storage. The interior walls facing the inner courtyard are made of lightweight
wood and have a higher heat transfer coefficient than the thick rammed earth. Slats in the wooden
walls also facilitate heat dissipation. As a result, the internal thermal environment is more comparable
with the microclimatic air temperature of the courtyard than with the exterior climate. In Danzhi
Village, the foundation of the exterior walls is made of stone to avoid moisture infiltration into the
wall base. Envelope material is used in insulation in the two subject villages to achieve effective heat
insulation and dissipation effects. The exterior walls of Danzhi Village are not tall to minimize the
outdoor contact area for higher resist storms and less energy consumption.

(2) Windows: Dwellings in both villages have small window openings on the exterior walls and
large window openings on the interior walls facing the inner courtyards to isolate the interior from the
outdoor climate and utilize the inner courtyards for lighting and ventilation (Figures 8 and 9).
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In summary, the traditional dwellings in southern Zhejiang Province promote the natural
ventilation of indoor and outdoor air while protecting against weather, such as typhoon damage, using
a combination of architectural space, facades, and structural members. The envelope formed by the
thick exterior walls and small or minimal window openings stabilize the internal thermal environment.
The courtyard serves as a transitional space between the indoors and the outdoors and provides
ventilation, lighting, heating, shading, wind protection, and drainage of the indoor spaces.
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3. Experimental Measurements and Data Analysis

3.1. Outdoor Environmental Conditions

3.1.1. Annual Climate Data

The climatic characteristics of Jinyun County include high rainfall amounts, high temperature, few
sunshine hours, and humid conditions. On average, 44% a year are rainy days, as shown in Figure 10.
Thus, enhanced lighting, heat protection, ventilation, and wind and rain protection are crucial passive
design strategies in the subject buildings. Of particular note, the plum rains in June provide the
heaviest rainfall and the longest rainfall duration. Together with high temperatures and low wind
speeds (shown in Figure 11), this considerable rainfall is unfavorable to the thermal environment of
the buildings.
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The average meteorological data of Jinyun County in June is shown in Table 2 over 20 years.
According to Table 2, which is measured based on data over 20 years, the average RH in June is 88.2%,
and the highest air velocity is 1.2 m/s.

Table 2. Average meteorological parameters for Jinyun County in June (1990–2010).

Relative
Humidity

Maximum
Temperature

Extreme
Temperature

Maximum
Precipitation

Maximum
Raining Days Air Velocity

88.2% 29.8 ◦C 35 ◦C 477 mm 21 d 1.2 m/s

3.1.2. Data Acquisition

The stereoscopic climate in southern Zhejiang is very pronounced in the hilly regions and
mountainous terrain. The variability and stability of the climate elements in this region are complex,
and their combinations are diverse. The alpine climate is a stochastic climate system [27], meaning that
it is variable and random. Additionally, as indicated by the climograph in Figure 3, the amount of
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continuous precipitation in June, known as the plum rain season, is quite high. Accordingly, this study
conducted additional on-site environmental measurements in the ancient dwellings of the two subject
villages in June in order to attain realistic IEQ data. The measurement of indoor and outdoor physical
environment parameters was conducted during typical plum rain season weather with continuous
rainfall day and night from June 19 to June 26, 2019. During this season, all windows of the dwellings
were open according to the living habits of the residents. According to the “breathing zone” definition
of ASHRAE 129 [41], the indoor air temperature, RH, air velocity, illuminance, and noise level were
measured 1.1 m above the floor in the center of the room. These measurements were divided into four
periods: morning (waking up to 11:00), midday (11:00 to 17:00), evening (17:00 to bedtime), and night
(bedtime to waking up). The measurements were conducted continuously for 24 hours in bedrooms,
living rooms, and other main rooms, as well as outdoors. The measurement instruments and their
parameters are provided in Table 3. These IEQ data served as a basis for the cross-sectional analysis of
the occupancy satisfaction surveys discussed in Section 3.3.

Table 3. Measurement parameters and instruments used to determine environmental quality.

Items Parameters Instrument Instrument
Precision

Sampling
Interval

Thermal environment

Air temperature Aosong Gsp 958 ±0.2 ◦C 30 min

Air RH Aosong Gsp 958 ±0.05 ◦C 30 min

Air velocity Tjhy Fb-1 ±0.1 ◦C 30 min

Lighting environment Natural lighting illumination Xyi Tes-1330A ±3% 30 min

Acoustic environment Noise Xm 804 ±1.5 db 30 min

3.1.3. Thermal Comfort Evaluation Criteria

Various adaptive comfort models have been developed to serve as comfort standards in different
countries and areas, such as ASHRAE 55 [20] and China National Standard GB/T 50785-2012 [42].
Previous research has considered adaptive thermal comfort to be related to the outdoor temperature,
informing the IEQ parameter guideline ranges for adaptive thermal comfort specified along with the
measurement ranges in Table 4.

Table 4. Summary of measured indoor environmental quality (IEQ) data and the guidelines adopted in
this study.

IEQ Measurement
Indoor

Plum Rain Season

GuidelineHeyang Danzhi

Mean STD Mean STD

Temperature (◦C) 26.13 1.36 25.86 1.11 Between 23 and 28 ◦C
(ASHRAE 55-2013 [20])

Relative humidity (%) 93.39 1.54 95.39 1.21 Less than 65%
(ASHRAE 55-2013 [20])

Air velocity @ 1.1 m (m/s) 0.089 0.028 0.085 0.012 0.2 m/s or less
(ASHRAE 55-2013 [20])

Illuminance (lux) 64.85 47.69 74.25 67.16 Greater than 300 lux
(GB/T 50033-2013 [43])

Acoustic decibel (dBA) 54.40 7.32 47.50 7.22 Less than 40 dB
(ASHRAE 55-2013 [20])
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3.2. Analysis of Thermal Conditions in Summer and Rainy Seasons

3.2.1. Test Analysis

The changes in the humidity, temperature, and air velocity data over the measurement period
were analyzed with the following results.

(1) Humidity: As shown in Table 2 and Figure 12, during the plum rain season measurement
period, the average outdoor humidity in Heyang Village and Danzhi Village was 95.19% and 95.94%,
respectively. The indoor humidity during the day was maintained between 83% and 93%, and the
daytime indoor RH was higher than the daytime outdoor RH. The indoor and outdoor RH in the two
villages thus exceeded the ASHRAE 55 humidity comfort range of less than 65%. Even during days
without solar radiation, evaporation was unable to reduce the humidity. Consequently, the RH of the
two villages remained high during both daytime and nighttime, the indoor and outdoor humidity was
comparable, and so the high humidity could be considered severe. Indeed, due to continuous rainfall,
the humidity was even higher during the day than at night. In Danzhi Village, the indoor and outdoor
humilities were observed to be consistently high throughout the day because of tree shading (Figure 12).
Indeed, these results confirmed the existence of severe indoor humidity in the two villages during the
plum rain season, with the humidity in Danzhi Village being more extreme. This was mainly due to
the high temperature and humidity of the dense forest environment of Danzhi Village, which results in
a high moisture retention capacity and limited dehumidification efficiency. Residents keep windows
open throughout the day; as a result, the indoor humidity and outdoor humidity were equal.
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Figure 12. Average temperature and RH in Heyang and Danzhi villages over 24 h during the plum
rain season.

(2) Temperature: As shown in Table 2 and Figure 12, during the plum rain season measurement
period, the average outdoor temperature in Heyang Village and Danzhi Village was 26 ◦C and 26.1 ◦C,
respectively, the maximum outdoor temperature was 29.4 ◦C and 29 ◦C, respectively, and the minimum
outdoor temperature in both villages was 23.7 ◦C. The average indoor temperature in Heyang Village
and Danzhi Village was 26.1 ◦C and 25.9 ◦C, respectively. From 12:00 to 15:00, the outdoor temperature
of the two villages exceeded the ASHRAE 55 temperature comfort standard, defined in Table 2.
The indoor temperature in Heyang Village exceeded the comfort standard from 13:00 to 15:00, but
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stayed within the comfortable temperature zone during the remaining periods, whereas the indoor
temperature in Danzhi Village was within the comfort standard throughout the day. The indoor and
outdoor temperatures were comparable because the humidity in the buildings was so high that the
insulation effect from the building envelope was insignificant.

(3) Air velocity: The average indoor airflow measured during the plum rain season is shown in
Table 2 and Figure 13, showing no significant difference in the airflow in Heyang Village and Danzhi
Village; the airflow in both villages was concentrated in the low wind speed range, varying from 0.06
to 0.14 m/s with an average of 0.1 m/s. The room temperature and humidity could not, therefore,
be effectively reduced as the airflow was unable to facilitate convective flow. Accordingly, adequate
ventilation was not achieved, and heat dissipation from the human occupants was not realized. Thus,
thermal comfort was poor. Furthermore, there was no significant difference between indoor and
outdoor temperatures to generate thermal pressure ventilation. Still, the wind speed in the central
hall (living room) was higher than in the bedrooms as the semi-open central hall was connected to
the courtyard. Because of the smaller area and lower height of the courtyards in Danzhi Village,
the ventilation was less effective than in Heyang Village. In summary, during the plum rain season,
dwellings in both villages were unable to realize efficient ventilation. Nonetheless, the ventilation was
better in Heyang Village than in Danzhi Village.Energies 2020, 13, x FOR PEER REVIEW 13 of 21 
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Figure 13. Average air velocity in Heyang and Danzhi villages over 24 h during the plum rain season.

3.2.2. Thermal Comfort Analysis

The indoor thermal environment assessment criteria applied in this study were based on the
predicted mean vote (PMV) and the percentage of people dissatisfied with the environment (PPD)
indices. ASHRAE 55 defines conditions that are considered satisfactory for a specific percentage of
users, including calculation methodologies for thermal comfort based on PMV/PPD. This standard is
based on Fanger’s PMV, which predicts the mean thermal sensation of a group of people, and the PPD.
The factors considered in these criteria include activity level (metabolic rate), occupant clothing (degree
of insulation), temperature, thermal radiation, humidity, and airspeed (see also Chinese Standard GB/T
50785-2012 [42]).

The values of the relevant parameters in the PMV–PPD calculation were as follows:

• Residents in the region mainly sit and are at rest indoors, and the metabolic rate of the human
body was set to 1 met.
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• The average thermal insulation from the summer clothing of men and women was 0.5 clo.
• Based on the average measured value, the indoor air velocity was set to 0.1 m/s.
• The mean radiant temperature (MRT) was set to the average temperature of the six interior

surfaces of the building envelope, such that MRT =
∑

(An Tn)/
∑

An, where An (in m2) is defined as
the visible area of surface n, and Tn (◦C) is the surface temperature of surface n.

• Residents occupy the central hall during the day from 7:00 to 23:00 and the bedrooms during the
night from 23:00 to 7:00 the next day; the temperature and humidity of each room were measured
for each period, as detailed in Section 3.1.2.

The PMV curve (Figure 14) and associated linear regression equation for the plum rain season were
calculated using the linear fitting of the PMV of the indoor living room and the operating temperature
top on a typical measurement day (June 20th) in the plum rain season, yielding:

PMV = 0.4021 top − 10.10 (Heyang Village),
PMV = 0.4129 top − 10.30 (Danzhi Village).
The recommended PMV range of −0.5 to +0.5 specified in ISO 7730 applies to air-conditioned

buildings. For naturally ventilated rooms in the “Hot Summer and Cold Winter” climate zone in
China, the applicable PMV values are between −1 and +1 [41]. Then, based on the linear regression
PMV equation and applying −1 ≤ PMV ≤ +1 as the thermal comfort range, the predicted upper limit
of resident-acceptable temperature in Heyang Village and Danzhi Village during plum rain season was
determined to be 27.6 ◦C and 27.37 ◦C, respectively, and the humidity level was very high. During the
measurement period, the PMV values were greater than 1 and exceeded the predicted comfort range
from 13:00 to 14:00 in Danzhi Village and from 12:00 to 15:00 in Heyang Village. The PPD variation
was 28% to 44% in Heyang Village and 27% to 30% and Danzhi Village, respectively.
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3.3. Survey Questionnaire and Protocols

A comfortable indoor environment is essential for a healthy housing environment [44,45]. Occupant
comfort and satisfaction are influenced by not only thermal conditions but also lighting, acoustic, and
air qualities [46]. To evaluate the quality of the housing environment, the IEQ was assessed in this study
using objective physical measurements (e.g., thermal, noise levels, and illuminance) and subjective
occupant surveys (satisfaction level). Fifty-three (53) occupants from Heyang and 50 occupants from
Danzhi were included in the survey. The sensation scales used in the questionnaire are provided in
Table 5, with their numerical equivalents from −3 to +3. The results of the survey are provided for
each aspect in Table 5 in the interval plots in Figure 15. The instrument setup used to capture the
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environmental data was placed on a table close to the subject completing the questionnaire at the
height of 1.1 m as per the ASHRAE 55 Class-II protocols. Occupant responses were then recorded
according to the previously defined scales using a value between −3 and +3. The overall acceptability
of the prevailing indoor environment was also noted in binary terms, with 0 indicating “Acceptable”
and 1 indicating “Unacceptable” [20].

Table 5. Questionnaire scales used to measure sensations and preferences for indoor parameters.

Scale
Value

Thermal
Sensation

Humidity
Sensation

Air
Movement
Sensation

Lighting
Sensation

Acoustic
Sensation

Indoor
Overall
Comfort

Outdoor
Overall
Comfort

−3 Cold Very dry Very still Very dark Very noisy – Very
uncomfortable

−2 Cool Moderately
dry

Moderately
still

Moderately
dark

Moderately
noisy – Moderately

uncomfortable

−1 Slight cool Slightly dry Slightly still Slightly
dark

Slightly
noisy – Slightly

uncomfortable

0 Neutral Neutral Neutral Neutral Neutral Acceptable Neutral

1 Slight
warm

Slightly
humid

Slight
movement

Slightly
bright

Slightly
quiet Unacceptable Slightly

comfortable

2 Warm Moderately
humid

Moderate
movement

Moderately
bright

Moderately
quiet – Moderately

comfortable

3 Hot Very humid Much
movement Very bright Very quiet – Very

comfortable
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3.3.1. Thermal Survey Results

(1) Thermal scales: Transverse type surveying following ASHRAE 55 Class-II protocols [20] was
used in this study. Both “Point-in-time” and “Satisfaction Surveys” were collected. Thermal satisfaction
was measured using a seven-point scale bounded by “very satisfied” and “very dissatisfied.” Diagnostic
questions were asked to identify the causes of dissatisfaction. Thermal acceptability was measured
using a seven-point scale bounded by “very unacceptable” and “very acceptable”. The thermal
sensation was measured using the ASHRAE seven-point thermal sensation scale subdivided into cold,
cool, slightly cool, neutral, slightly warm, warm, and hot, as defined in Table 5.



Energies 2020, 13, 1428 15 of 20

(2) Subjective thermal acceptability: This study investigated the thermal comfort environment
that is acceptable to 80% of the residents as specified in the ASHRAE and ISO 7730 standards; that is,
an acceptable temperature range in which the PPD is less than or equal to 20%. The survey results
revealed that the upper limit of acceptable temperature for 80% of the residents was 31 ◦C during the
plum rain season. Specifically, the interval plots in Figure 15 show that the residents of the two subject
villages were slightly dissatisfied with the air movement sensation during the plum rain season, and
this dissatisfaction was worse in Danzhi Village. Thermal pressure ventilation and wind pressure
ventilation did not form due to the low wind speed, lack of solar radiation, and the small temperature
difference between indoors and outdoors. Residents of both villages were also very dissatisfied with
the indoor humidity, with 71% of the residents in Danzhi Village and 53% of the residents in Heyang
Village, indicating that it was unacceptable. This low satisfaction was due to the continuous rainfall
during the plum rain season that resulted in high indoor and outdoor humidities averaging over
90%. The low wind speed and extended period of high humidity also reduced the humidity tolerance
of the residents. Furthermore, Danzhi Village is located in a dense forest, which minimized vapor
diffusion and resulted in even higher humidity than in Heyang Village, which is located in an open
plain. Nevertheless, residents of both villages were slightly satisfied with the overall indoor thermal
comfort because the temperatures during the plum rain season were mostly within the comfort zone;
only 33.33% of the residents in Danzhi Village and 26.19% of the residents in Heyang Village indicated
that the temperature was unacceptable. Note that the outdoor comfort satisfaction was also high at
92.59% and 86.96% for the residents of Danzhi Village and Heyang Village, respectively.

The results of the thermal satisfaction survey indicated that the temperature was only
uncomfortably high in the afternoon during the plum rain season, but the residents were very
dissatisfied with the humidity and the air movement sensation. At the same time, the results
demonstrated that the residents were more concerned with the temperature in the overall evaluation
of thermal comfort and expressed a lower expectation for humidity. As a result, the residents were
slightly satisfied with the overall thermal comfort.

3.3.2. Lighting Survey Results

Compared to thermal comfort, lighting is often overlooked when evaluating the design and
construction of ancient dwellings. The China Standard for the daylighting design of buildings
(GB 50033–2013) [43] considers the lighting coefficient and the illuminance of indoor natural light as
evaluation indices for lighting design: the lighting coefficient of the side lighting of bedrooms and
living rooms of residential buildings should be no less than 2%, and the illuminance of indoor natural
light should be no less than 300 lx. The measurement results, shown in Table 4, indicate that the
indoor illuminance in the two villages was lower than the GB 50033-2013 standard, even with ample
sunshine in the summer. This was because the subject dwellings have only small window openings;
although this is conducive to mitigating indoor solar radiation, it is detrimental to lighting. The indoor
lighting environment in the two villages was far below the standard for writing and reading, and thus
the lighting design needs to be enhanced. As indicated by the low interval in Figure 15, the current
status of the lighting environment was deemed unacceptable by 65.22% and 70.37% of the residents in
Heyang Village and Danzhi Village, respectively.

3.3.3. Acoustic Survey Results

The indoor acoustic environment is typically evaluated from the perspective of the indoor noise
level, the sound reduction index of the building or structural components, and the sound insulation of
floor impacts [41]. The measurements, shown in Table 4, indicate that the noise level during the plum
rain season was significantly higher than the ASHRAE standard. This was likely a result of the poor
sound insulation of the wood used as the interior material for the dwellings as well as natural factors,
such as the continuous rainfall. As shown in Figure 15, the residents of the two villages expressed
slight dissatisfaction with the acoustic environment; it was considered unacceptable by 52.17% of the
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residents in Heyang Village. Additionally, note that the acoustic environment satisfaction in Danzhi
Village was higher during the daytime than during the nighttime: the relatively remote location of
Danzhi Village limited the impact of traffic noise during the daytime, whereas the development of
tourism in Heyang Village resulted in higher noise levels during the daytime. The natural noise
generated by the U-shaped river dam in Danzhi Village was the primary source of noise at night.

4. Discussion

The results of this study have several limitations that remain to be addressed in future research.
First, the respondents to the questionnaire survey were mainly women, the seniors, and children,
as most of the young and middle-aged men migrate to urban areas for work, a typical phenomenon
in mountainous rural areas. In other words, the sample employed in this study does not adequately
represent the age structure of the population as young and middle-aged men are underrepresented, and
women and the seniors are overrepresented. Notably, the seniors typically have a lower expectation
for thermal comfort. As a result, their high thermal comfort ratings likely compromise the significance
of the results of this research. However, because the seniors have a relatively low metabolic capacity
and immunity, a thermoregulation model could be established specifically for the seniors as a separate
population group using the data collected in the present study.

The two villages investigated in this study have an altitude difference of only 100 m. In future
research, traditional dwellings in the same geographical region but with larger altitude differences will
be considered to better reveal the effect of microclimate on climate responsive design strategies and
thermal comfort. Additionally, the sample size per altitude group in this study is not large enough to
conduct a reliable statistical analysis: the overall sample size (103) is not small but consists of subjects
in several different altitude groups. In future research, a larger data sample will be collected, as larger
sample generally yields more accurate and convincing statistical analysis results.

Note that the effect of the area and location of building spaces occupied by the respondents on the
results of the questionnaire survey was not considered in this study. Although the measurement data
were obtained from typical residents in typical dwellings, the location and area of the building spaces
they occupied were not considered. Controlling the effect of the spatial properties and location of the
building spaces occupied by different individual residents would likely contribute to more accurate
and applicable research results.

In their current form, the results of this study can serve as a supplement to existing local and
provincial IEQ standards and design guidelines. They also have practical implications in the design of
residential buildings that are more adaptive to different local climates. The future study directions
discussed in this section will contribute to the establishment of robust post-occupancy evaluation-based
design guidelines. Note that although this study identified the climate responsive design strategies
of dwellings in specifically stereoscopic climates and geographic environments, there is potential
for the synchronous optimization of enclosure structures to achieve sustainable development of
buildings in other hot and humid climates. Therefore, further studies will include comparative
analyses of the climate-responsive strategies and indoor thermal environments of different types of
buildings in different stereoscopic climates. Future research will also investigate the optimization
of climate-responsive strategies through computer simulations while considering modern lifestyles,
natural environments, and the culture of the subject region, as well as the translation of these strategies
into the modern context in the subject region.

5. Conclusions

Based on the “microclimate” geographical scale, this study investigated the indoor physical
environment and associated resident comfort for dwellings in the complex stereoscopic climate of
Danzhi and Heyang villages in southern Zhejiang Province in order to research their climate response
strategies. This paper accordingly analyzed the effects of the climate adaptive architecture of residential
buildings in terms of the indoor thermal, lighting, and acoustic environments using “right here and
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right now” comfort surveys and measurements. Outdoor climate parameters were obtained from the
20-year average data of adjacent weather stations. The conclusions of this study are as follows:

(1) Ancient dwellings in southwestern Zhejiang Province have achieved some success with their
specific climate responsive strategies against wind and solar radiation; the microclimates in the
courtyard and in the building rooms have been found to be stable.

(2) Due to the long warm season in southwestern Zhejiang Province, residential buildings are
designed for hot weather and focus on the thermal comfort environment. The average wind
speed is low, which is not conducive to building wind pressure ventilation. Therefore, heat
insulation and organization of thermal pressure ventilation to cool the dwellings form the basis
of climate coping strategies. Thermal pressure ventilation is created by enclosing the residence in
an exterior wall to generate a drafting effect, installing overhanging eaves to provide shading,
provisions of a cooling avenue, and allowing airflow through the roof tile gaps. In the plum rain
season, however, the ventilation provided by these measures remains inadequate.

(3) The reasonable selection of settlement site and layout style is the first step in design, considering
both the natural environment and resident comfort. Both villages are built close to a river to
ensure sufficient sunshine and temperature adjustment. The geographical environment has a
significant influence on the distribution pattern of the subject settlements: the dwellings in Danzhi
Village are shorter with smaller building shape coefficients that help to resist mountain storms.

(4) A dwelling layout with an inner courtyard offers a basic strategy to cope with the varying external
climate by creating an internal microclimate. Still, no significant difference in the average outdoor
and indoor temperature and humidity has been observed during the plum rain season. The inner
courtyard structure is unfavorable to the formation of wind pressure ventilation that creates the
sensation of air movement for occupants. Limited by the mountainous terrain, the courtyards of
traditional homes in Danzhi Village are smaller. The results showed that the thermal comfort of
dwellings with a double inner courtyard in Heyang Village is better than that of dwellings with a
single inner courtyard in Danzhi Village. The area and height of the inner courtyard are the key
factors affecting ventilation.

(5) The courtyard/living room/patio space composes the ventilation system, representing one of the
most effective strategies of adapting to the climate while providing cooling. As the main indoor
activity area during the day, the outside wall of the living room is open to the adjacent side of
the inner courtyard, and the living room ceiling reaches up to the roof, thus allowing rising heat
to form a ventilation path carrying the hot and humid air outside. Furthermore, two layers of
hanging eaves mitigate strong solar radiation in the courtyard and provide insulation, shade, and
rain protection.

(6) The building envelope material is a critical component of climate-responsive design optimization.
The outside face of the dwelling enclosure uses building materials with high thermal inertia and
thickness, such as rammed earth walls or stones, and include small windows to resist changes
in the environment. The inside face of the dwelling enclosure uses building materials with low
thermal inertia, such as wood, with large windows for heat dissipation and ventilation, helping
to take away moisture. This serves to make the indoor thermal environment consistent with that
in the courtyard. The indoor environment has been found to be more humid in Danzhi dwellings,
which have elevated stone foundations used to isolate moisture from the ground.

(7) In the plum rain season, the high humidity both indoors and outdoors affects the insulation
performance of the dwelling envelope. Moreover, residents are accustomed to having the
windows open all day and night. The most important factors influencing indoor thermal comfort
are that the sun does not create evaporative heat dissipation during days of continuous rain and
that the wind tends to be calm. Residents are expected to feel stuffy, humid, and hot, low wind
satisfaction. Indeed, in the plum rain season, the humidity is above 94% all day. Mechanical
dehumidification is necessary to achieve comfort requirements in the two subject villages.
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(8) Based on the results of the questionnaire survey and IEQ model, the upper limit of acceptable
temperature for 80% of the residents in summer is 31 ◦C, which is higher than the comfort range
of 22 ◦C to 28 ◦C dictated by ASHRAE 55. The comfort zone of the residents is also wider than
that given in the ASHRAE 55 standard. This is evidence of the adaptation of the residents to
the indoor environment through their long-term occupancy in the region, resulting in higher
individual thermal tolerance and a lower expectation of indoor thermal comfort. According to
the measurements, the indoor temperature of the two villages is consistently less than 31 ◦C, both
day and night, so the indoor temperature is within the acceptable temperature zone in southern
Zhejiang during the plum rain season.

(9) Due to the focus on the design of the thermal environment of the dwellings, the quality and
comfort of the lighting and acoustic indoor environments were not achieved. To improve the
indoor lighting environment, the window-to-wall ratio of the dwellings should be increased, and
the depth of the eaves should be adjusted according to the incident angle of the sun. To improve
the indoor acoustic environment, the sound insulation effect of wood of the interior structure
is inadequate. It is, therefore, necessary to strengthen the sound insulation performance of the
building or its structural components to reduce the impact of noise on the indoor environment.

In this paper, Jinyun, Zhejiang, has a unique stereoscopic climate. The two types of dwellings
were compared, and the analysis results demonstrated that both have methods of responding to the hot
and humid climate during the plum rain season. For example, they use different sites, courtyard space
ratios, shape coefficients, and structural details, but the same shading, ventilation, full structural system,
and heat dissipation to ensure a local and constant microclimate in the courtyard. All these methods
are design strategies that residents use to adapt to microclimatic characteristics. These strategies have
combined information collected over the years and strongly confirmed the climate responsiveness of
traditional dwellings in pursuit of a comfortable environment. However, owing to the limitations of the
natural operation of buildings, residents still rely on mechanical dehumidification to cope with highly
humid environments. In addition, design strategies need to be altered to alleviate the indoor lighting
and acoustic discomfort caused by the construction strategy that prioritizes thermal environments.
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