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Abstract

The rural residences with substantial quantity and required plenty of energy cost in China were selected as the

research subjects in this work. Thanks to high electricity use and village density, as well as complicated pattern of

building energy consumption in East and Central China, East and Central China was chosen as the research region.

The Sizhai traditional village located in the east of Zhejiang Province, included in the scope of research region, was

recorded in the First Edition of Chinese Traditional Villages’ Catalog, with large scale and well-protected conditions.

The traditional dwellings in this village were chosen as the representative house samples for researching the energy

behaviors in the rural residences.

Rather than centered on the performances of evaluation parameters based on a few number, the indoor daylighting

and thermal conditions, as well as various energy behaviors were analyzed step by step. This study focuses on the

impacts of building azimuth, shading device and window system, as well as wall construction on the performances of

indoor daylighting, air temperatures and building energy consumption. The recommended building azimuth interval,

shading devices and window-to-wall ratios, as well as wall construction type were summarized, based on the

daylighting standard issued by the Ministry of Housing and Urban-Rural Development of China, and the energy

consumption performance. The research results indicate that (1) Optimum building azimuth: the three building

azimuth intervals with the highest energy saving potentials were observed for S, S-E20 and S-E40 in sequence. (2)

Optimum shading depths recommended for each building azimuth interval: the recommended shading depths for S

and S-E 20 are 1.37 m and 1.62 m respectively, and those for S-E 40, S-E 60, S-E 80, S-W 20 and S-W 40 are all

2.12 m, as well as those for the other 11 BAs are all 2.37 m. (3) Optimum window-to-wall ratios recommended for

each building azimuth interval: the recommended window-to-wall ratios for 18 building azimuth intervals are all 0.2.

(4) Optimum wall construction type recommended for each building azimuth interval: the recommended wall

construction type for 18 building azimuth intervals are all the vented cavity wall with increased outer layer thickness.

The building energy saving can be achieved by selecting an optimum building orientation, shading device with a

proper depth and appropriate glazing area on the facade, as well as suitable wall construction type. This study results

aim at providing some design suggestions on building azimuth, shading device and window system, as well as wall

construction type determinations to both newly-built constructions and to retrofit projects of the rural residences, as

well as providing some new evaluation methods to assess the energy saving potentials of buildings and villages. (1)

Application of the building azimuth statistics: for newly-built buildings, the optimum building orientation is

recommended for each of them, which are located in the research region; for existing buildings, the evaluation of the
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energy saving potentials at village scale can be conducted, by measuring all the existing buildings’ azimuth in the

target village. (2) Application of the evaluation score of shading depth: for newly-built buildings, the optimum

shading depth is recommended for each of them with different building orientations, which are located in the

research region; for existing buildings, the evaluation of the energy saving potentials can be conducted for them,

based on the evaluation parameter of shading depth. (3) Application of the evaluation score of window-to-wall ratio:

for newly-built buildings, the optimum window-to-wall ratio is recommended for each of them with different

building orientations, which are located in the research region; for existing buildings, the evaluation of the energy

saving potentials can be conducted for them, based on the evaluation parameter of window-to-wall ratio. (4)

Application of the optimum wall construction type: for newly-built buildings, the optimum wall construction is

recommended for each of them with different building orientations, which are located in the research region; for

existing buildings, some suggestions on improvement of walls’ thermal insulation property can be supplied for

existing buildings.

The research methods can be used in any country to explore the optimum building azimuth, shading device and

window system, as well as wall construction type, by using this research method and the corresponding geometric

model and local climate data instead of the original ones used in simulation.

Keywords

Building azimuth; Shading depth; Window-to-wall ratio; wall construction; Traditional dwelling; Energy cost
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Research background
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1.1 Determination of study subject

1.1.1 Substantial quantity of population in countryside and relatively low urbanization rate in China

From the viewpoint of the urban-rural population structure (Fig. 1.1), the permanent resident population of city

was approximately 792.98 million in 2017, which increased by 9.6 million in comparison with 2016. On the contrary,

the permanent resident population of village was roughly 589.73 million in 2017, which reduced by 5.28 million

compared with 2016. Although the rural population has been experiencing a gradual reduction process, the quantity

of rural population is still large. In 2017, the urbanization rate of China was about 58.45% (i.e., the percentage of

urban population) (Fig. 1.2), which is comparatively low compared to Europe and North American.

Fig. 1.1 Urban-rural population structure from 2005 to 2017 in China

Fig. 1.2 Urbanization rate in the range from 2010 to 2017 in China

1.1.2 Increasing trend of the average rural residential building area per capita

It can be seen from Fig. 1.3 that the public building area was 10081 million m2 in China for 2017, which accounted

for 17% of the national total building area. For the residential building, the residential building areas in city and
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countryside were 25969 and 24500 million m2 respectively, responsible for 43% and 40% of the national total. The

average residential area per capita was 41.8 m2 in China for 2017, of which the average residential areas per capita in

city and countryside were 37.6 m2 and 46.8 m2, respectively. As shown in Fig. 1.4, the average annual growths of the

average residential area per capita in city and countryside were 2.6% and 2.7% respectively from 1987 to 2017. In

particular for the countryside, the average residential area has been experiencing a rapid increase from 2012, due

largely to the economy development and vast available land.

Fig. 1.3 Public building area, urban residential area Fig. 1.4 Change trends of average residential area per capita in city and

And rural residential area in China for 2017 countryside from 1987 to 2017 in China

1.1.3 Increase of energy consumption and electricity use in the rural residences

1.1.3.1 Increase of energy consumption in the rural residences

As shown in Fig. 1.5, the total Chinese building energy consumption was 814 million tce in 2017, which

accounted for 19.12% of the national total energy consumption [2]. In the building sector, the energy consumption in

public buildings, urban residences and rural residences was 326, 301 and 187 million tce respectively, responsible for

40%, 37% and 23% of the national total building energy consumption [2].

Fig. 1.5 Percentage distribution of energy consumption for building sector in China for 2017
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As shown in Fig. 1.6, the energy consumption of public building, urban residence and rural residence has been

experiencing a sustained growth from 2001 to 2017, of which the percentage of total energy consumption in the rural

residences kept comparative steady, about 24% (Fig. 1.7). One of the driving reasons is that the quantity of

household electrical appliances used in the rural residences, leading to the increase in the energy demands is

increasing.

Fig. 1.6 Building energy consumption from 2001 to 2017 in China

Fig. 1.7 Percentage distribution of building energy consumption from 2001 to 2017 in China

1.1.3.2 Ascending of electricity use in the rural residences

With the economy development, the living standards are significantly improved for occupants living in the

countryside. There is a dramatic increase in the quantity of household electrical appliances used in the rural

residences. For the air conditioner, its average quantity per 100 houses in countryside increased from 1.7 in 2001 to

64.4 in 2017, with a 37-fold growth (Fig. 1.8). The average quantities of refrigerator and television per 100

houses increased from 30.6 and 54.4 in 2001 to 90.3 and 123.9 in 2017 respectively, with 3 and 2.3-fold growths.
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Fig. 1.8 The quantity of household electrical appliance used in the rural residences from 2001 to 2017 in China

With the increase of the average energy consumption per unit of building area in the rural residences, their average

electricity use per unit of building area also was experiencing a rapid increase simultaneously. As shown in Fig. 1.9,

the average electricity use per unit of rural residence area increased from 3.1 Kw·h in 2001 to 13.9 Kw·h in 2017,

with an average annual growth of 4.6%.

Fig. 1.9 Average electricity use per unit of building area in countryside of China from 2001 to 2017

1.1.4 Attaching importance to protection of the traditional dwellings in countryside

1.1.4.1 Increasing quantity of the traditional dwellings recorded in the Chinese Traditional Villages’

Catalogs

Up to 31st Dec, 2017, the summation of the administrative village in China was 691510, which is comprised of

2617000 natural villages [1]. At present, there are approximately over 13100 of the traditional villages in China, which

accounts for 1.9% of the sum of national administrative villages. Up to now, the Ministry of Housing and Urban-
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Rural Development of China has issued 5 editions of the Chinese Traditional Villages’ Catalogs. The First Edition of

the Chinese Traditional Villages’ Catalog was issued in December 2012, which records 646 villages. Then, the

Second (issued in August 2013), Third (issued in November 2014), Fourth (issued in December 2016) and Fifth

(issued in December 2018) Editions record 915, 994, 1598 and 2646 villages respectively. By the end of 2018, the

summation of traditional villages recorded in the Catalogs is 6799. As shown in Fig. 1.10, the recorded traditional

villages mainly concentrate in the south and east of China.

Fig. 1.10 Distribution of traditional villages recorded in the Chinese Traditional Villages’ Catalogs

1.1.4.2 Advantages of the traditional buildings on climate adaptation

Not only do the architectural configurations and craft techniques of the traditional dwellings reflect the social

culture, customs, and life-styles, but they are also the results of climate adaptation, which have been evolving

constantly over a long period of time [3]. Furthermore, the formations and arrangements of traditional dwellings are

the harmonious results of external conditions and internal replies, which rely on the medium with an effective

interaction between the building components and the local climatic conditions [4]. Although the traditional dwellings

are not as efficient as modern reinforced concrete buildings, in terms of the sound insulation [5] and air tightness of

envelope [6], the levels of carbon emissions and energy consumption are much lower and the ability of climate

adaptation is much more effective in traditional dwellings [7]. Relying on passive climate-responsive strategies, the

traditional dwellings can buffer the indoor thermo-hygrometric and daylighting fluctuations, by using the favorable

climatic elements like wind, solar radiation, etc [8]. Consequently, the indoor microclimate can be kept stable and
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adjusted to the comfort limits, which contributes to creating the environments with relatively high levels of the

thermal and visual comforts for occupants [8].

1.1.5 Research subject determination

Combined with the four afore-mentioned reasons, the rural residences in China were selected as the research

subject in this work. The rural residences have diverse styles worldwide, attributing to the rural residences built by

occupants in compliance with the principles of living accustom, using local building materials and adapting the

residence to local climate.

With a capacious territory, the style of rural residences in China is very various. The rural residences in the

mountainous areas and along with water systems are comparatively scattered. However, those located in the flatlands

are very intensive. Besides, according to building configuration, the rural residences can be generally divided into

two categories in China, which are the single-family detached building and courtyard building.

1.2 Determination of research site

As shown in Fig. 1.11, China has a huge territory, which is consisted of seven regions, which are Northeast China,

North China, Northwest China, Southwest China, Central China, East China and South China. Central China is

consisted of three provinces (i.e., Henan, Hubei and Hunan), and East China is comprised of seven provinces and one

municipality (i.e., Shandong, Jiangsu, Anhui, Zhejiang, Jiangxi, Fujian, Taiwan and Shanghai respectively) (Fig.

1.12), which were chosen as the research region in this work. There are four reasons as follows for explain the reason

why Central China and East China were chosen as the research site.

Fig. 1.11 Distribution of seven regions in accordance with the Fig. 1.12 Ten provinces and one municipality included in East

geographical location in China and Central China
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1.2.1 Substantial quantity of villages in East and Central China

As shown in Fig. 1.13, the village densities in the west and north of China are much lower than those in the east,

south and center of China. Due largely to the scattered distribution of villages and relatively uncomfortable natural

environments in the west of China, resulting in comparatively low of their village densities, such as Tibet, Xinjiang,

Qinghai and Inner Mongolia Provinces. In contrast, due the developed economy, the village densities in East and

Central China are relatively high.

Fig. 1.13 Distribution of village density throughout China for 2017

1.2.2 Substantial quantity of traditional villages recorded in the Catalogs situated in East and Central China

It can be seen from Fig. 1.14 that the quantity of traditional villages recorded in the Catalogs in East and Central

China are much greater than those in other areas. The quantities of traditional village recorded in the Catalogs in East

China and Central China are 2031 and 1064, accounting for 29.9% and 15.7% of the national total, which ranks the

top and third places, respectively (Fig. 1.15).

The category of traditional dwellings has seven in China as shown in Fig. 1.16, which are the brick-wood structure

dwelling, wooden structure dwelling, brick-wood-clay structure dwelling, brick-stone-clay structure dwelling and

felt-wood dwelling. Most traditional dwellings in East and Central China are characterized by the brick-wood

structure, which are belonged to the classification of the brick-wood structure dwelling.

The common characteristics of the traditional dwellings in East and Central China are general with north-south

orientation and focus on the internal daylighting. Furthermore, the tile sloped roof, bricks and stones are all borne by
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the wooden beams and pillars. The configurations of traditional dwellings in East and Central China are roughly the

same as those in the other places of brick-wood structure dwelling zone, which are characterized by the layouts

centered by the hall, except for the scale and size (i.e., compact layouts with small courtyards, so as to adapt to East

and Central China’s conditions of high population density and less farmland). Besides, East and Central China have

rich water resources. The river flowing through the front of the traditional dwellings not only provides drinking water

resources for occupants in daily life, but also contributes to adjusting the micro-environments for buildings.

Fig. 1.14 Quantity distribution of recorded traditional Fig. 1.15 The quantity of recorded traditional dwellings

dwellings in East and Central China in China depicted by bar graph

Fig. 1.16 Distribution of five categories for traditional dwellings in China
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1.2.3 Developed economy and high electricity use in East and Central China

As shown in Fig. 1.17, the electricity uses of buildings had wide-ranging differences between each province. The

top three provinces in terms of the building electricity use were Guangdong with 5.311 billion Kw·h, Shangdong

with 5.117 billion Kw·h and Jiangsu with 5.115 billion kW·h in 2017. Besides, Zhejiang, Fujian, Henan and some

maritime provinces, located in East and Central China, also had high values of electricity uses.

Fig. 1.17 Electricity use of buildings for each province of China in 2017

1.2.4 Complicated energy consumption pattern of buildings in East and Central China

The building energy consumption is greatly related to the climate conditions, of which the energy consumption for

space cooling and heating is sensitive to the temperature variations [9]. In consideration of the impact of climate on

the indoor environments, in order to provide the appropriate thermal insulation measurements for the buildings in

different areas, China is divided into 7 climate zones, which are the severe cold zone (1), severe cold zone (2), clod

zone (1), clod zone (2), hot summer and cold winter zone, hot summer and warm winter zone, warm zone [10] (Fig.

1.18).

In North China, the main building energy consumption is used for space heating. On the contrary, the cooling cost

contributes most to the total energy consumption in South China. Apparently, most regions of East and Central China

in the hot summer and cold winter climate zone is featured by the harshly hot weather conditions in summer and

harshly cold weather conditions in winter, resulting in the complex energy consumption pattern in buildings, which

deserves to be studied.
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Fig. 1.18 Seven building climate zones’ distribution in China

1.2.5 Research region

Due to a substantial quantity of traditional villages recorded in the Catalogs, high electricity use and complicated

energy consumption pattern of buildings in East and Central China, the intersection area of East and Central China’s

zone, and dwelling zone with brick-wood structure, and climate zone characterized by hot summer and cold winter

was selected as the research region in this work, as shown in Fig. 1.19-1.20. The research region is consisted of the

whole area of Zhejiang Province, and most parts of Fujian, Jiangsu, Anhui, Hebei provinces, Jiangxi and Hunan

provinces, as well as small parts of Guangdong and Henan provinces.

Thanks to the whole Zhejiang Province included in the scope of research region, and a large number of traditional

villages recorded in the Catalogs (ranking the fourth place in China, with 634 villages), the building models used in

simulation for the following chapters were based on the reference building from the Zhejiang traditional dwellings

(Fig. 1.21-1.23). The Sizhai traditional village located in the east of Zhejiang was recorded in the First Edition of

Traditional Villages’ Catalogs, with large scale and well-protected conditions, was chosen as the representative house

samples for researching the energy consumption in the rural residences.

The traditional dwellings in Sizhai village are characterized by the black double-sloped roofs and white brick walls

(Fig. 1.24). Moreover, the rooms of buildings are usually with high storey height to facilitate the internal ventilation

and expel indoor moisture.



11

Fig. 1.19 Scope of research region (i.e., intersection area of dwelling Fig. 1.20 Details of research region and location of Zhejiang

zone with brick-wood structure and hot summer and cold winter Province

climate zone in China)

Fig. 1.21 Villages recorded in the Chinese Traditional Villages’ Fig. 1.22 Scope of Sizhai traditional village in the map highlighted

Catalogs and location of Sizhai village in Zhejiang Province by red dotted line

Fig. 1.23 Lay-out and distribution of main buildings located in Fig. 1.24 Bird’s-eye view of Sizhai traditional village and

Sizhai traditional village distribution of main buildings



12

1.3 Scientific originality of the study

Since the building orientations’ determination for the traditional dwelling complies with the rule of “adapting it to

building site conditions” in East and Central China, the building azimuth vary considerably depending on the

building site. The present research mainly focuses on the impacts that the shading devices and windows facing a

limited quantity of orientations have on the energy consumption and on indoor daylighting performances, while few

studies are based on multiple orientations. In addition, many studies related to the influences of shading devices and

windows on the building energy consumption are grounded on changes in shading depth and window-to-wall ratio

within relatively small scopes, respectively. What’s more, the related researches, in particular with regards to the

impacts of shading device and window on the energy consumption, have often been neglected to get carried out in

the traditional buildings up to now.

Based upon the afore-mentioned discussions, the originality of this study are that (1) estimated the solar energy

management performances of building azimuth, shading device and window, as well as wall construction for the

traditional dwellings, which are located in East and Central China experienced the harshly hot climates over a long

period of time. (2) Rather than focus on the performances of several evaluation parameters, the indoor daylighting

and thermal conditions, as well as various energy behaviors were analyzed step by step. (3) Also, the optimal

building azimuth intervals, optimal shading depth for each building azimuth interval, and optimal window-to-wall

ratio for each building azimuth interval, as well as optimal wall construction type for each building azimuth interval

were recommended, for determining the best final designs to the traditional dwellings. (4) Furthermore, three new

evaluation parameters (i.e., the building azimuth statistic, the evaluation score of shading depth, the evaluation score

of window-to-wall ratio) based on the energy saving potential and visual comfort were proposed. Then the three

evaluation parameters were used to assess the energy saving potentials for all existing residences in a village (at

village scale) and individual buildings (at building scale). (5) On the other hand, the traditional dwellings that were

adopted as case studies in this study, can supply some new body of knowledge on the shading, daylighting and

energy consumption, to fill in the gap in this field. (6) The research methods can be used in any country to explore

the optimum building azimuth, shading depth and window-to-wall ratio, as well as wall construction type, by using

the corresponding geometric model and local climate data instead of the original ones used in simulation.

1.4 Research flow

The structure of the dissertation is divided into 8 sections: the research background was depicted in chapter 1. The

chapter 2 illustrated the previous studies, including the characteristics of the traditional dwellings, impact of building
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azimuth on the energy consumption, impact of shading devices with various shading depth and building azimuth

combinations on the energy consumption, and impact of shading devices with various window-to-wall ratio and

building azimuth combinations on the energy consumption, as well as impact of walls with various wall construction

type and building azimuth combinations on the energy consumption. In chapter 3, research methodology was

indicated detailedly, such as, the simulation model dimensions, division of various evaluation parameters. Chapter 4

analyzed the strategies and effectiveness of climate adaptation for the traditional dwellings in East and Central China,

based on their passive elements and passive spaces, by taking the Thousand Pillars Dwelling as case study. In chapter

5, the impact of building azimuth on energy consumption in the traditional dwellings was studied. Chapter 6

analyzed the impact of shading devices with various shading depth and building azimuth combinations on energy

consumption in the traditional dwellings. Chapter 7 researched the impact of windows with various window-to-wall

ratio and building azimuth combinations on energy consumption. Chapter 8 studied the impact of walls with various

wall construction type and building azimuth combinations on the energy consumption. The last chapter is conclusion.

To facilitate understanding the research method framework, it is presented in Fig. 1.25.

Fig. 1.25 Research methods framework
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2.1 Passive climate-responsive strategies in traditional dwellings

Relying on passive climate-responsive strategies, the traditional dwellings can effectively control the indoor

thermo-hygrometric and daylighting conditions by taking advantage of some favorable climatic elements like wind,

solar radiation, etc. Furthermore, the building’s elements and spaces can be regulated to make the indoor

microclimate reach the comfort limits, thanks to these passive strategies.

Extensive studies and efforts have been focused on exploring the passive strategies and climate adaptation of

traditional dwellings for local climate up to now. Through the methodologies of field measurements and

questionnaire surveys, HUANG Linjiang et al. [1] indicated that the passive strategies of Tibetan castles effectively

improve the indoor thermal comfort level, where the lowest temperatures of a southerly oriented room and a

northerly oriented room are 9.00℃ and 5.00 ℃ respectively, both above the outdoor temperature in winter. Whereas,

the indoor temperatures cannot reach the comfort limits ranged from 16.40℃ to 24.00℃, if the rooms are without

heaters. By investigating traditional cave dwellings in Shannxi Province of China, LIU Jiaping et al. [2] presented that

due to usage of the raw clay wall in cave, with semi-infinite-thickness property, the impact of external climate

variations on indoor thermal environments is buffered effectively. Consequently, the amplitude of indoor temperature

fluctuation is kept negligible in the traditional cave dwellings, which is helpful for creating warm winter and cool

summer environments. Field measurement data show that the mean temperatures of outdoor surface and indoor

surface for the cave wall during summer are 27.70℃ and 24.00℃, respectively. Regarding winter, indoor

temperatures are kept within the range of 8.50~11.00℃. LI Angui et al. [3] explored the adjustment effectiveness of

Kang (a kind of heatable brick bed) on the indoor temperature in the traditional dwellings located in the countryside

of Northwest China. Based on the original configuration of Kang, they proposed a new scenario for its construction

and layout. According to software simulation results, the new scenario could improve and optimize energy use

efficiency. Analogously, by the means of on-site investigations and in-situ measurements, GOU Shaoqing et al. [4]

carried out a study on climate adaptation effectiveness of the traditional dwellings in the hot summer and cold winter

climate zone of China. They indicated that the passive strategies of climate adaptation for the traditional dwellings

located in this climate zone principally consist of natural ventilation, sunshade, wall insulation, etc. The field

measurement data show that indoor temperatures have a 2.00~4.00℃ reduction during daytime, while the relative

humidity is stable, within the range of 66~68% in summer. Giuseppe Desogus et al. [5] researched the bio-climatic

strategies of raw clay vernacular buildings in the Mediterranean. By constructing patios, employing raw clay walls

and creating corridors with performance of semi-open transitional space leaning against southerly oriented walls, the

buildings effectively adjust the extremely hot or cold indoor temperatures, which contributes to extending the ICT by
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14~17% of the whole year. A study on indoor thermal environments in the Spanish vernacular buildings (“horreo”)

was conducted by C. Saá et al. [6]. By using CDF software to simulate the indoor ventilation conditions, they claimed

that the passive strategies of transparent stilt floors and partial wall openings, etc., are conductive to creating the

internal spaces with moderate temperatures and well-ventilated environments. M. Barbero-Barrera et al. [7] indicated

that a comfortable indoor environment of the cave situated in Spain can be created by utilizing natural resources,

such as choosing an optimal building orientation and using local building materials reasonably, etc. A study on

comparison of climate adaptation and indoor thermal comfort levels among three kinds of stone vernacular buildings

situated in coast, flatland and mountainous area of Cyprus was conducted by Maria Philokyprou et al. [8]. Based on

the passive strategies of semi-opening and opening spaces, etc., the indoor temperatures are remained stable

contributing to a reduction in energy requirements for space cooling and space heating.

2.2 Impact of building azimuth on the energy consumption

For regulating indoor temperature, the ACs used to keep rooms cool or warm are responsible for about 40% of the

overall building energy consumption around the world [9]. Whereas, the glazed facade of a building facing an optimal

orientation can effectively avoid undesired solar radiation penetrating through the glazing during summer, while

internal spaces can obtain sufficient solar energy as they need in winter [10]. Wang and Fam [11] stated that indoor solar

radiation yields could be regulated and controlled by varying BA. Furthermore, the study indicates that a building

with proper orientation is beneficial to gain sufficient solar radiation for buildings in the cold climate zones. In

addition, as stated by Torreggiani et al. [12], the BA has impact on the air temperature and the amplitude of

temperature change. Their research results show that the internal space in southeast facing building situated in the

Mediterranean has relatively low thermal comfort level.

2.2.1 Impact of the building orientation on the energy consumption

A great quantity of researches on the well-orientated building contributing to reduction in the building energy

consumption have been carried out in Kuwait [13], Nigeria [14], Ghana [15], Hongkong [16], etc. Aksoy and Inalli et al. [17]

found that a building with proper building orientation and appropriate shape coefficient leads to saving up to 36% of

the building energy consumption. Moreover, Acosta et al. [18] through energy simulation argued that energy

consumption variations in buildings are dissimilar by varying the window to wall ratio (WWR) for different building

orientations, of which the east facing buildings with varying WWR present the most dramatic variations. By adopting

Green Building Studio to perform the energy cost simulation, Abanda et al. [10] found that the best orientation for

buildings is directly south facing in Britain, and the worst one is the orientation with north by east 45°. Throughout

the whole life cycle of 30 years, the total differences of electricity use and gas consumption between the best and
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worst orientations of the buildings are 17056 kW kW·h and 27988 MJ, respectively. Brandão de Vasconcelos et al.

[19] denoted that in comparison to a north-south orientation of building, the electricity consumption for space heating

and cooling in a building with east-west orientation increases by 15% and 100%, respectively. Koranteng [15] took

buildings located in Kumasi city of Africa as a case study to research the correlation between building orientation

and energy consumption for space cooling. As the front facade of a building is orientated towards west, the indoor

solar radiation yields and energy consumption both increase. On the contrary, when it faces north or south, the

energy cost for space cooling reduces by 16.02%. Chan et al. [16] researched the impact of building orientation on

energy cost in high-rise buildings located in Hongkong. The research results presented that the overall energy

consumed for space cooling decreases by 19.76% in buildings with south-north orientation. In addition, the less

glazing area on east-facing and west-facing facades, the lower cooling energy is required. Martin Marin [20] took a

residence with one storey situated in the Madrid of Spain as the study building. By using software of IDA Indoor

Climate and Energy (IDA ICE).4.7.1 version to compute the energy costs corresponding to different orientations, the

simulation results show that the minimum overall energy demand occurs in a building facing directly south. In

contrast, the building requiring the most energy is orientated towards north by west 45°. Furthermore, the total

energy cost of building facing north is generally greater than that facing south. As a building is orientated towards

directly south, it demands the minimum heating energy in winter compared to the buildings facing other orientations.

However, the minimum cooling energy cost occurs in a building facing directly north in summer.

2.2.2 Impact of the building orientation on the natural ventilation

Natural ventilation can expel indoor heat to mitigate human thermal sensation during summer. Through

incorporation of the passive strategy of natural ventilation into building, the indoor temperatures are effectively

controlled in the comfort range during nighttime in summer [21-22]. Besides, a well-ventilated building contributes to

indoor temperature approximately being 1.7~2.5℃ lower than exterior [23]. Almeida et al. [24] declared that the factors

impacting indoor air movement are facade configuration, building shape and building orientation, etc. Hiaus et al. [25]

stated that building facing an optimal orientation and configured with a proper glazing area is conducive to driving

indoor air to flow, which is helpful for improving the indoor thermal comfort level. Al-Tamimi et al. [26] suggested

that due to the east-facing and west-facing facades without well-ventilated conditions and covered by intense solar

radiation during daytime, the glazed areas on these two facades are not suitable to be large.

2.2.3 Impact of the building orientation on the natural daylighting

With regards to the energy consumption of artificial lighting, it is responsible for approximately 19% of the total

electrical energy consumed in the world and 2.4% of the world’s entire primary electricity consumption [27]. What’s
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more, the global amount of CO2 yielded by artificial lighting reaches approximately 130 million ton per year [28].

Using natural daylighting is widely considered as one of the most efficient strategies to reduce the reliance on

artificial lighting, aiming at energy saving [29-30]. Besides, the room under natural daylighting can generate numerous

desired results, which especially reflect in human health [31-37] and visual comfort [38].

The fenestration system geometry is closely related to daylighting performances for the internal spaces, which

contributes to reduction in the energy consumption of artificial lighting, as a building is installed with proper area of

glazing and orientated towards optimum orientation [39-40]. Spanos et al. [41] indicated that a well-orientated building is

good for prolonging the indoor daylighting time, which leads to decreasing by 20% of the total building energy

consumption. Marshi et al., [42] through energy simulation in Ecotect, found that the best orientation for the front

facade of a building is south by west 12.5°.

With regard to the indoor daylighting performance assessment, many evaluation parameters are available so far,

such as the average daylight factor, average uniformity, daylight autonomy, useful daylight illuminance, simplified

daylight glare probability. Acosta et al. [18] employed DaySim 3.2 to simulate and analyze the daylighting

performance for an internal space. Simulation results show that the coefficient of daylight autonomy in a space far

away from windows facing south is 3 times higher than that facing north. Moreover, the coefficients of daylight

autonomy in the same space with windows facing east and west are both 2 times higher than that facing north.

Jovanović et al. [38] took a student dormitory in the University of Nis situated in Serbia as a study building. Using the

research methodology of questionnaire, they suggested that the rooms facing northeast got the highest satisfaction

rates from students in terms of the indoor natural daylighting, approximately 71%. In contrast, the students expressed

the lowest satisfaction with rooms facing northwest, approximately 50%. In addition, through software simulation to

analyze the indoor daylighting performances, the results illustrate that the visual comfort levels in the north

orientated rooms are the highest during summer. In spring and autumn, the rooms with the most outstanding

daylighting performances are facing southeast.

2.2.4 Discussion

Based on the previous literature reviews and discussions, it is not difficult to draw a conclusion that the building

orientation has a significant impact on the building energy consumption. However, taking into account the research

methodology and technique strategy, numerous researchers just focused on the impact of building orientation on the

total building energy consumption. Unfortunately, less of in-depth studies were conducted to compute the energy

consumption of various active systems at the same time in a building. What’s more, the aforementioned researches in

terms of the impact of building orientation on energy consumption were based on a limited number of orientation
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variations. The interval division of BA in most studies is not clear enough, in which the building facades are

generally just defined as four categories, consisting of east-facing, west-facing, north-facing and south-facing.

2.3 Impact of shading devices with various shading depth and building azimuth combinations on

the energy consumption

2.3.1 Impact of the movable shading device on the energy consumption

There are numerous studies and efforts focused on the impact of shading devices on the building energy

consumption up to now. According to the device configuration, performing a static or dynamic shading effect on the

given glazing, they are categorized into two categories, namely the movable shading device and the fixed shading

device. The movable shading device is operated with the aim of improving indoor daylighting and thermal

environment, by means of preventing the glare and overheating from reaching the occupants [43], while the window

can still receive a large quantity of solar irradiation when the internal space needs it [44]. Therefore, the movable

shading device is usually deemed to be better than the fixed one in terms of shading performance [45]. However, the

movable shading device, under the manually operated control, is greatly correlated with the occupants’ living

customs and the function of the room, resulting in the energy consumption and daylighting performances varying

from person to person [46].

The growing attention has been given to the incorporation of Photovoltaic (PV) into the movable shading systems

recently. A test scenario equipped with sun-tracking PV was modeled by Gao et al. [47] to analyze the average energy

efficiency and annual energy generation, which are improved by 19.17% and 27.40%, respectively. Furthermore, the

optimum sun-tracking shading device reveals a greater ability to protect from solar glare. Using the similar method,

Hong et al. [48] proposed a slat control approach for the bi-directional PV blind. The results show that the average

power generation in room shaded by a uni-directional PV blind is a 85.05-110.88% of that shaded by a bi-directional

PV blind control. Li et al. [49] researched a special PV module used to intercept the solar radiation in multi-story

buildings. By analyzing benefits in terms of the energy saving, the optimum widths and angles of PV modules for

buildings located in various cities of China, were recommended. Furthermore, the use of the movable shading

devices is one of the methods to efficiently improve the building’s energy saving potential. Lee et al. [50]

demonstrated that by using a movable venetian blind, a significant energy saving can be achieved in an office

building equipped with the dimmable electric lighting system. Firlag et al. [51] analyzes the impact of shading device

controlled by a smart automated system on the energy consumption in a case study in Poland. The smart automation

control system includes five algorithms that are the simple rules, heating/cooling, perfect citizen, predictive weather

https://www.sciencedirect.com/science/article/pii/S0959652619302719
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and heat flow. The results show that use of the movable shading devices with proposed control algorithms can cut off

energy consumption by 11.6~13.0%.

2.3.2 Impact of the fixed shading device on the energy consumption

With regards to the fixed shading device, it is consisted of a conventionally static shading configuration that is

generally installed on the external facade horizontally or vertically. There are also numerous sections focused on the

incorporation of the PV into the fixed shading systems so far. An investigation on the shading performances of 13

types of the fixed shading devices was conducted by Mandalaki et al. [52]. Using integrated PV on the south facing

walls, the energy costs of lighting, cooling and heating were computed for an office building situated in the

Mediterranean. Furthermore, the daylight glare index, useful daylight illuminance and daylight autonomy were

selected as the evaluation parameters to estimate the indoor visual comfort level. Stamatakis et al. [53] incorporated the

monocrystalline PV panel into various patterns of the fixed shading devices. The results revealed that the “brise soleil

full facade” is the recommended shading device type, when the proposed shading devices are mounted on a south

facing office building in the Mediterranean. While, the “louvers horizontal inwards inclined” or “simple window” or

“canopy inclined double” are observed for the most unsuitable for the study building. Using the mathematical

algorithm model is another approach to evaluate the shading performances for the fixed shading devices. F. Mazzichi

et al. [54] proposed a new research method based on the genetic algorithm to study the performances of indoor

daylighting and energy consumption in buildings integrated with the fixed shading device. By installing the fixed

venetian blinds on external facade, these two parameters have both been improved. Saelens et al. [55] used both the

ray-tracing calculation method and simplified calculation method to evaluate the impact of the external fixed louver

on the building energy consumption. An analogy between the energy costs shows that the simplified model

underestimates the peak cooling power and cooling requirements by up to 25% and 43%, respectively.

2.3.3 Impact of the external shading device on the energy consumption

According to the installation position, the shading devices are classified into the external shading device and the

internal shading device [56]. The external shading device is an energy-efficient component in buildings, which

protects the internal spaces from intense solar radiation before it reaches the glazing. With the assistance of the

external shading device, the cooling energy load is cut down significantly, as well as a reduction in equipment costs

of active air conditioning systems, are obtained [57]. Besides, a series of simulations and investigations have validated

the fact that integration of the external shading device into buildings contributes to notable advantages in terms of the

indoor visual and thermal comfort and energy saving [58]. From the viewpoint of the aesthetics, a building mounted

with external shading devices can produce rich shadow changes on the facades.
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Extensive studies and efforts have been placed on the building energy performance correlated with the external

shading devices up to now, by means of the dynamic energy simulation. A study on the impact of five evaluation

parameters consisting of the glazing type, shading device, building area, color of the external surface, and building

orientation on indoor daylighting performances for 35 buildings located in the subtropical area of Hong Kong was

performed by Li and Tsang [59]. Furthermore, according to the simulation results, they indicated that approximately a

20%-25% of the lighting energy is saved in the study buildings. Alhuwayil et al. [60] researched the energy

saving potential for a hotel building in the hot-humid climate zone of Saudi Arabia, where the external shading

device was incorporated with a self-shading envelope. The results show that the proposed shading system could

reduce the annual building energy consumption by 20.5%, in comparison with the baseline case. Poirazis et al. [61]

indicated that the external shading device is used with the purpose of minimizing energy consumption for buildings.

A building integrated with the external shading devices contributes to a reduction in the primary energy consumption

by up to 30% in Rome and 19% in Trieste, compared with the alternatives with unshaded windows, respectively. Niu

[62] pointed out that the external shading device can lower the direct solar exposure for windows, which is helpful for

dropping the solar heat gain by a maximum of 80% for the internal space. Moreover, some additional energy savings

are obtained in terms of the cooling load and heat rejection, since the time of artificial lighting fittings being in

operation is shortened, leading to a reduction in heat contribution. Oleskowicz-Popiel et al. [63] stated that

approximately 44% of the heat loss is saved by the windows with double glazing with low emissivity coatings, and

45% of that is saved by the external roller blinds during nighttime.

2.3.4 Impact of the internal shading device on the energy consumption

Many papers have stated that the energy saving potential of internal shading devices is lower than that of the

external shading devices [64]. For instance, according to the research results from Ye et al. [65], the amount of energy

saved in a building configured with the blinds on the interior wall surface is much lower than that with the blinds

outside. Moreover, the internal shading device can decrease visual discomfort and glare more efficiently and

effectively in comparison with the external one [66]. In addition, as a result of the internal shading device being

mounted on the inside surface of the wall, the construction expenses can be reduced and the building’s appearance

can be free of constraints and easier to design [65].

Some studies, which are related to the impacts of internal shading devices of different kinds on the indoor

daylighting and thermal performances, have been conducted [67-68]. Yao [69] indicated that the shading performance of

internal shading device for the internal spaces is superior to that of pane windows. Moreover, a comparison of

daylighting and energy performances between four types of the internal rollers was investigated by Tzempelikos and

https://www.sciencedirect.com/topics/engineering/energy-conservation
https://www.sciencedirect.com/topics/engineering/energy-conservation
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Shen. [70]. The results show that the rollers can effectively reduce the risk of visual discomfort and solar heat gain,

contributing to improving the daylighting quality and decreasing the energy costs. However, the energy consumption

of buildings varies by shading device type, leading to the differences in annual energy consumption between them

ranging from 10.1% to 34.4%. Gratia et al. [71] stated that by selecting the appropriate type, color and dimensions for

the internal shading device, as well as mounting it on a optimal position in building, the energy costs for space

cooling can be cut off up to 14% during a sunny day in summer.

2.3.5 Impact of the shading devices’ orientation on the energy consumption

Apart from the shading device’s type and shape, as well as its installation position, building orientation is also a

significant factor influencing the shading performance and building energy cost. Lai et al. [72] researched the impacts

of shading devices facing different orientations on the energy costs in two target buildings, which located in Detroit

(with high latitude) and Miami (with low latitude), respectively. As windows are covered by full shading, the

buildings in the two locations requiring the maximum and minimum total energy loads are both orientated towards

the east and south, respectively. Li et al. [73] presented that the energy saving potential varies according to the building

orientation, which means that 1.4%, 1.8% and 2.1% of energy savings can be obtained by installing the shading

devices on south, east and west walls, respectively. Singh et al. [74] indicated that there are big differences in the

visual performances and energy costs for office buildings with the shading devices facing various orientations. The

research results show that the reductions in lighting energy for southwest and west are greater than those for north

and northeast. Concerning the energy consumption of Heating, Ventilating and Air Conditioning (HVAC), the

maximum energy cost is observed for the office building facing east, while the alternative facing north has the lowest

energy demand.

Many of the aforementioned studies have demonstrated that the shading devices have a significant impact on the

energy requirements due to artificial lighting and air conditioning in buildings [75-76]. A substantial quantity of shading

and glazing options have been proposed by researchers to regulate and adjust the indoor visual and thermal

environments [77]. In addition, the energy efficient buildings can be achieved, by incorporating the suitable shading

device into them [78].

2.3.6 Discussion

In the research field of residential buildings, there are also numerous studies focused largely on the influence of

solar shading on the building energy consumption and daylighting performances conducted by O’Brian et al. [79],

Arasteh et al. [80], Mavrogianni et al. [81], J. Karlsson [82], Sullivan et al. [83], S. Firlag et al. [84], Kim et al. [85],

Vanhoutteghem [86]. Besides, the shading system also plays an important role in improving the occupants’
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productivity and health [87]. Due to the shading device having many advantages, it has become a passive strategy

commonly applied in both newly-built construction and in retrofit projects. On the other hand, the total energy cost

consumed by heating, cooling and lighting systems is responsible for a large proportion of the total in buildings [88].

Thus, the topic of improving the energy saving potential by means of the shading devices has become a major issue

for buildings at present, where the internal environment and the energy consumption need to be coupled together to

be analyzed in depth [89].

The present research mainly focuses on the impacts that the shading devices facing a limited amount of

orientations have on the energy consumption and on indoor daylighting performance, while few studies are based on

the study of multiple orientations [74]. In addition, many studies related to the influences of shading devices on the

building energy consumption are based on changes in shading depth within a relatively small scope [72]. Whereas, the

studies about the impact on the energy consumption performance at a series of SDs, from providing full shading to

no shading for glazing, are rather scarce. What’s more, the related researches, in particular with regards to the impact

of shading device on the energy consumption, have often been neglected to get carried out in the traditional buildings

up to now [90].

2.4 Impact of shading devices with various window-to-wall ratio and building azimuth

combinations on the energy consumption

2.4.1 Impact of the climate condition on the optimum window-to-wall ratio

There are extensive researches and efforts focused on the Window-to-Wall Ratio (WWR) up to now. Climate

conditions have been validated as a vital impact factor on the WWR optimization from many studies [91]. Ghisi and

Tinker [92] carried out a study on exploring the appropriate glazing areas for buildings located in two climate zones

(Cfb and Cfa), in accordance with the indoor daylighting performances and lighting energy behaviors. The research

results show that the optimal glazing ratios were estimated to be in the scope of 20-86% and 10-44% under the Cfa

and Cfb climate, respectively. Kheiri et al. [93] researched the optimum window areas for four study buildings situated

in diverse climate zones respectively, based on the dynamic energy behaviors of lighting and HVAC. The research

results release that the optimum WWRs, which can contribute to lowering the energy requirement, under these four

climates are all ranged from 0.2 to 0.32. F. Goia et al. [94] took a highly insulated building under the representative

Europe climate as study case to research its energy consumption behaviors. The minimum total energy demand

including lighting, cooling and heating is achieved in this building, as its WWR is assigned within a range from 35%

to 45%, regardless of building orientation. Using a model of room in office building located in the United States, the

impact of WWR on the energy consumption performance under six various climates was researched by Susorova et
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al. [95]. In the warm climate zone, a facade with WWR of 0.5-0.8 has the maximum energy saving potential, while a

comparatively low WWR ranged from 0.20 to 0.60 is recommended for the Dfa climate zone. In severely cold

climate zone, the highest energy saving potential was observed for a building whose south wall has the WWR within

range of 0.50-0.80 and north wall is configured with small dimensions of glazing. Chow TT et al. [96] incorporation a

daylight simulation module and power output equation into EnergyPlus to investigate the solar management

performances for a semi-transparent window in office building located in Hong Kong. The outcome shows that the

maximum energy saving was observed for the building with 0.33 of WWR, when the visible transmittance of glazing

system is ranged from 0.45 to 0.55. Peng Xue et al. [97] studied the optimal value range of WWR for buildings with

different shading device and building orientation combinations situated in a low latitude region of China. They

presented that the comprehensive sunshade configuration has the most distinguished performance in terms of energy

saving. By mounting this configuration with 1.8 m of shading depth, the acceptable upper limits of WWRs for west-,

east-, north- and south-facing facades can be increased up to 0.56, 0.6, 0.6 and 0.78, respectively. In order to explore

the optimum WWRs for official buildings located in different climatic zones of Europe, Francesco Goia et al. [98]

used the energy simulation tool of Energy Plus to analyze their internal thermal and daylighting performances. The

research results reveal that although the optimum WWR varies depending on the building orientation and local

climate, the WWRs ranged from 30% to 45% have the highest energy saving potentials in the study buildings in

general, regardless of building orientation. Moreover, in comparison with unreasonable WWR, a building with

proper WWR contributes to reduction in the building energy consumption by 5~25%. Inanici and Demirbilek [99]

investigated the impacts of the north- and south-facing facade’s WWRs on the thermal performances in the mid-size

residences located in five positions of Turkish within a limited latitude range, which are characterized by different

weather conditions. They stated that the optimum WWRs recommended to the residences are dissimilar with varying

the location, which are ranged from an upper limit of 0.9 to lower limit of 0.25.

2.4.2 Impact of the building orientation on the optimum window-to-wall ratio

Building orientation is another driving variable affecting the optimum WWRs of buildings cover a wide range of

types. CHANG Jing et al. [100] analyzed the correlation between WWR and building energy consumption for

residences situated in China. The energy simulation tool of DeST was used to compute the energy requirements of

heating and cooling in buildings facing different orientations throughout a year. The research results demonstrate that

the total building energy consumption has an increasing trend in relation to increase in the glazing areas on the east-,

west- and north- facades. While, as the south-facing facade is mounted with an external shading device and the

internal spaces under well-ventilated conditions, increasing glazing area is beneficial to improving the building
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energy saving potential during nighttime in summer. Johnosn et al. [101] researched the optimal WWRs and best

orientations for buildings located in America. The outcomes indicate that the energy saving could be achieved in

buildings with WWRs of less than 20%, but the north-facing facades are suitable to be configured with a large area

of glazing. Liwei WEN et al. [102] recommended the optimal WWRs for south-, north-, east- and west-facing facades

in 10 prefectures of Japan, based on the evaluation parameter of CO2 emission. By using Energy Plus to conduct the

CO2 emissions simulation, the results identify that (1) the magnitudes of CO2 emissions from buildings decrease with

increase in WWRs of the four facades in Hokkaido prefecture and the north-facing facade in 10 prefectures; (2)

excluding Hokkaido prefecture, the CO2 emissions in the other 9 prefectures decrease with reduction in WWR of the

east facing facade; (3) except for Hokkaido prefecture, the CO2 emissions reach the minimum values, when the

WWRs of south-facing and north-facing facades are both within the range of 30-50%. Feng et al. [103] investigated the

impact of WWR on the energy consumption in a nearly zero energy building. The results show that the impact level

order of WWR corresponding to different orientations on the energy consumption is east = west > south > north.

2.4.3 Impact of the building energy cost on the optimum window-to-wall ratio

Some researches and efforts have been placed on exploring the optimum WWRs for various types of buildings,

based on the evaluation parameter of the energy consumption. Pino et al. [104] indicated that the total annual energy

use including cooling and heating in a totally glazed facade building located in Santiago of Chile is 155 kW·h/m2. In

a building with WWR of 20%, the total annual energy use is reduced up to 25 kW·h/m2 at maximum. If the night

ventilation is available during cooling season, an additional decrease of approximately 37% in the total annual

building energy use can be achieved. Moreover, a 20% of WWR is enough to keep the internal spaces having a

useful daylight during 80% of the time throughout the year. Goia et al. [105] researched the optimal WWRs for office

buildings located in the mild maritime climate zone of Italy, based on the evaluation parameter of energy

consumption. According to the research results, when the WWRs of four facades are all within the optimal range of

35-45% in an office building, its energy load is minimal. For none of the four WWRs within the optimal range, the

indoor environment experienced the most dramatic shift by varying the glazing sizes is observed for a northerly

oriented building. Instead, the variation in WWR for a south facing building has the most negligible impact on the

indoor environment. Yanyi Sun et al. [106] integrated the photovoltaics (CdTe solar cells with 10% transparency) into a

window system to investigate the annual energy performances in office buildings located in China under five typical

climates. The result indicates that the application of PV window can achieve an evident energy saving potential, as

the buildings have comparatively large WWRs (i.e., WWR≥45%), in comparison to those mounted with the

conventional windows with double glazed system. Touraj Ashrafian et al. [107] researched the impacts of windows
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with different WWR and orientation (west and east) combinations on the energy demands and visual comforts in a

classroom. Through simulation with the aid of EnergyPlus 8.9, DesignBuilder 5.5 and DIALux Evo 6.0, the results

show that a glazing ratio of 50% can reduce the lighting energy consumption by at least 15%, and improve the visual

comfort level effectively. Silvia Cesari et al. [108] evaluated the impacts of different glazing sizes on the cooling and

heating energy needs in a hospital patient room located in Bologna (Italy). Comparing with the base case (i.e., a room

with 25% of WWR), a dramatic decrease in the cooling and heating energy demands achieved attributes to the

adoption of larger WWR with proper glazing system.

2.4.4 Discussion

The present research mainly focuses on the impacts that the windows facing a limited quantity of orientations or

based on changes in WWR at large increments have on the energy consumption and indoor daylighting performances,

while few studies are on the basis of the multiple combinations of WWR and orientation [109-110]. What’s more, the

related researches, in particular with regards to the impact of window on the energy consumption, have often been

neglected to get carried out in the traditional buildings up to now [90].

2.5 Impacts of walls with various construction type and building azimuth combinations on the

energy consumption

2.5.1 Optimum thermal insulation thickness in wall based on the criteria of energy consumption

Up to now, extensive efforts and researches were devoted to improve the thermal property of walls in the world.

Using an optimum thermal insulation thickness is an effective way to achieve the building energy conservation and

save building material cost. Alsayed, et al. [111] used a method of degree-day to research the optimum thermal

insulation thicknesses of the external walls with different wall structures (five categories) and insulation types (two

categories) combinations in a building. The results show that the optimal thickness of thermal insulation ranges from

0.4 cm to 9 cm, varying by the wall structure and thermal insulation type. Furthermore, Sagbansua, et al. [112]

employed the same research method (i.e., degree-day) to determine the optimum thermal insulation thickness, based

on the criteria of heating load. The results of this study show that the optimum thicknesses are between 8.7 cm and

18.5 cm, which contribute to the amount of 0.755-9836 $/m2 in terms of energy saving. M. Ozel [113] studied the

impact of glazing with various layers mounted in wall on the optimum thicknesses of thermal insulation materials. In

this section, the heat transmission loads passing through wall were analyzed, on the basis of a dynamic energy

simulation. In consideration of the different wall orientations, the results indicate that the optimum thicknesses of

insulation materials used in a south-facing wall with single glazing and double glazing are within the range of 4-8.5

cm and 2.5-8.5 cm, respectively. In M. Ouzel’s [114] study, a transient heat transfer model, based on the implicit finite
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difference, has been adopted to calculate the thermal load flowing through walls with various thermal insulation

material types. The results state that the optimum thermal insulation thicknesses range from 5.4 cm to 19.2 cm,

depending upon the insulation material type. When the optimum thickness insulation materials are employed, the

SO2 and CO2 emissions are decreased to 0.013-0.040 kg/m2 per year and 6.37-19.55 kg/m2 per year, respectively.

Based on time-dependent implicit and finite-volume procedures, Al-Sanaa et al. [115] proposed a numerical model to

evaluate the thermal transmission load passing through the exterior wall in a building. The results revealed that the

optimum thicknesses of polystyrene used as insulation material are between 4.8 cm and 16 cm. Furthermore, Daouas

et al. [116] proposed an analytical transient method to estimate the thermal transfer magnitudes through two different

walls with different structures (i.e., brick-brick sandwich wall and stone-brick sandwich wall). Rockwool and

polystyrene were used as the walls’ insulating materials in their study. The results indicate that the payback period

for a building integrated with thermal insulation material with an optimum thickness of 5.7 cm is 3.11 years, in

synchronicity with 58% of energy saving during this period of time. Using the thermodynamic optimization method,

Ucar [117] studied the optimum thicknesses of insulation materials that were employed in the external walls of

buildings situated in four cities under different climate conditions. The incorporation of optimum thickness in

buildings under the humid continental climate conditions has a 79% higher rate of energy saving potential, in

comparison with the alternatives in the other three climate zones.

2.5.2 Thermal performance of wall expressed by means of parameters

Quite often, the thermal performances of building envelope systems are expressed by means of parameter, such as

the thermal transfer coefficient (i.e., U-value), w/(m2·k) and thermal conductivity, w/(m·k), which are commonly

applied to the building design standards. Evangelisti et al. [118] carried out an in-situ measurement to evaluate the U-

value of building envelope system, based on the uni-directional thermal flow theory. Walker et al. [119] performed a

field study on the utilization of the heat flux sensors to conduct a measurement of brick walls’ U-values, and

validation their U-values through investigation of the thermal images. A study on the thermal property of adobe wall

was performed by Zhang et al. [120]. and Berardi et al. [121] to investigate the correlation between the operating

temperatures and measured thermal conductivity of wall insulation materials. The research results were validated

through the laboratory tests, which revealed that there is dependence between the indoor temperature and wall’s

thermal conductivity. A similar study was conducted by Abdou et al. [122], and pointed out that variation in the

humidity and operating temperature will dramatically impact the thermal conductivity of insulation material (fibrous)

used in wall. Kontoleon et al. [123] and Zhang et al. [124], according to the tested results of walls’ thermal inertia, stated

that increase in the heat storage capacity for a masonry wall will lead to increase in the time lag of thermal
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transmission. However, an opposite effect will occur, as the thermal conductivity of insulation material was increased

in a masonry wall. Aste et al. [125] adopted the parametric numerical analysis method to study the impact of walls’

thermal inertia on the building energy performance. They found that an outstanding energy consumption

performance can be realized, by incorporating the proper admittance value and optimal thermal transmittance

coefficient value into wall system.

2.5.3 Thermal performance of Trombe wall characterized by passive heating

Many researchers have investigated the impact of Trombe walls, known as passive heating wall, on the energy

consumption in buildings. Through the solar design for Trombe wall, the building energy conservation and thermal

comfort can be achieved in the internal spaces [126-127], especially in reducing heating energy need [128]. Abbassi et al.

[129] researched the influence of Trombe wall area on the building energy consumption. The research results based on

an energy simulation show that roughly 77% of the total heating requirement can be cut off in a Tunisian building, by

installing Trombe wall with 8 m2 in a non-insulated wall with the total area of 16 m2. Through the experimental

analysis method, Rabani et al. [130] conducted a study on the heating performance for a newly proposed Trombe wall,

which can be covered by solar irradiance from east, south and west orientations. The results revealed that the new

Trombe wall can achieve a maximum 10 °C of the indoor temperature rise, in comparison with the conventional

Trombe wall. Yu et al. [131] conducted a study on the heating performance of Trombe wall. The results indicated that

the outer layer insulated Trombe wall has a better performance in terms of energy efficiency than the conventional

Trombe wall, which achieves the energy saving up to 56%. Mohamed et al. [132] carried out a series of

experimentation and simulations to research the thermal performances of Trombe walls in Tunisia. The research

results demonstrated that during the period of time with highest solar intensity, the air temperatures in a room with

single glazed Trombe wall can reach 25 °C, but below 22 °C in an alternative with double glazed Trombe wall. Ma et

al. [133] used the software of THERB to research the heating efficiency of Trombe wall with assistance of fan. The

results showed that the Trombe wall assisted by a fan can reduce the heating need by 0.6 kW·h/m3 in building

interiors. Burek et al. [134] carried out an experimental study about the heat transfer performance and mass flow rate in

a Trombe wall. They found that the mass flow rate is directly proportional to the air cavity depth and heat input.

However, when the heat input is over 1000 W/m2, increase in the air cavity depth no longer improves the energy

efficiency of Trombe wall. Rabani et al. [135] researched the heating duration of building installed with Trombe wall

made of different materials under overcast weather conditions. The results showed that the heating duration

corresponding to the brick Trombe wall, concrete Trombe wall and paraffin wax Trombe wall are 8 h 11 min, 7 h 12

min and 8 h 55 min, respectively. Furthermore, Rabani et al. [136] researched the thermal performance of a newly

proposed Trombe wall during summer in Iran, integrated with the water spraying system and solar chimney. They
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state that using the water spraying system can improve the thermal efficiency of wall by up to 30%. Furthermore, the

air movement driven by sunlight in solar chimney contributes to the indoor natural ventilation.

2.5.4 Discussion

The afore-mentioned studies on the thermal performance of cavity wall mainly focus on the heating performances

of the glazed cavity walls (i.e., Trombe wall). Moreover, most of the previous studies are related to the thermal

insulation property of wall, in terms of in the indoor temperature rise and energy saving during the heating season,

while few of them are referred to the heat dissipation performance of the wall during the cooling season. What’s

more, extensive emphases have been placed in the buffer effectiveness of cavity walls in the traditional dwellings

under the harshly outdoor weather conditions, whose target is to improve the thermal comfort levels, while lots of

studies are generally neglected to perform the analysis of the building energy consumption up to now [90].
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3.1 Determination of study building

With a substantial quantity of 131000 villages, the traditional villages in China constitute a 1.9% of the national

administrative villages. Aiming at a better protection of the traditional dwellings, the Ministries of Housing and

Urban-Rural Development, Culture and Finance of China have published five editions of the Chinese Traditional

Villages’ Catalogs, which have recorded the quantity of 6799 villages. There are 646 villages recorded in the first

edition, and the other three editions recorded 915, 994 and 1598 villages, respectively. In 2017, the Fifth Traditional

Village Survey has been performed, which leads to the sum of protected villages, recorded in the 5 editions of the

Chinese Traditional Villages’ Catalogs, exceeding 6000.

The protection of traditional dwellings has been getting increasing attention, and their energy consumption and

indoor comfort levels are very important factors for the sustainable development of traditional villages. The Sizhai

traditional village is recorded in the first edition of the Chinese Traditional Villages’ Catalogs, where the dwellings

are regarded as the typical and representative house sample among the rural residences. Furthermore, taking into

consideration the little research on the energy consumption in the traditional buildings, the traditional dwellings

located in Sizhai village with latitude 29°34’ North and 120°26’ East, were chosen to be the study buildings in this

study.

3.2 Building model’s dimensions used in simulation

Google Earth (G.E.) is incorporated with GIS (Geographic Information System), aerial photography and satellite

photos in a three-dimensional earth model, as well as supplies functionality of distance measurement and GPS

(Global Position System), with relatively high accuracy.

The building areas of all dwellings (i.e., 437 buildings) in Sizhai village, were calculated in G.E. by utilizing the

distance measurement tool to measure their lengths and widths, respectively (Fig. 3.1). The building areas were

divided into 7 intervals at 100 m2 of increments, and the statistics of building quantity and percentage distribution for

each 100 m2 interval are shown in Fig. 3.2. According to equation (3.1), the average value of all dwelling areas (S) is

158.5 m2, which was chosen as the reference of plane dimensions for the building model of test scenario in the

building energy consumption simulation.

S = [50 + 100 × (n − 1)]× fn� = 158.5 (3.1)

Where, n is the number of the building area interval; fn is the percentage of dwelling quantity within the number n

interval.
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By field investigation, the gable wall lengths of Sizhai traditional dwellings were determined to be generally

within the range of 6-8 m. The front facades are mostly comprised of three or five bays (i.e., suites), among which

the middle bay width is 4-5 m and other bay widths are 3-4 m. In this study, the traditional dwelling with 5 bays was

selected as the layout pattern for the test scenario, whose dimensions of middle bay are 8 m×5 m and the other four

are 8 m×3.7 m.

Fig. 3.1 Measurement method of dwelling dimensions in Google Earth

Fig. 3.2 Statistics of building quantity and percentage for Sizhai village

The traditional dwellings in Sizhai village generally have 2 storeys, of which the heights of the first and second

floor are approximately 4 m and 2.1 m, respectively. The front facade openings are configured with lots of lattice

doors and lattice windows. However, the back facade is comparatively opaque, and there are no windows in the two

gable walls. In this work, the front facade equipped with glazing is used as the reference to determine BA of dwelling.



1542

In order to avoid the impact of windows in other walls on the simulation results, the building model of the test

scenario is created as shown in Fig. 3.3 and Fig. 3.4. The visible transmittance and solar heat gain coefficient of

single glazed window used in the test scenario is 0.83 and 0.8 respectively, and the other details are listed in Table

3.1. Since the second floors in Sizhai traditional dwellings are usually used as storage spaces for grain, farming tools,

etc., and the first floors are living spaces, the first floor was chosen as the simulation scene in the software to

conducted various parameters predictions.

The heat transfer coefficient (K, W/(m2·k)) is applied to express the thermal property of the wall, since it widely

used in many other researched as described in section 2. When the direction of heat flow parallel to the envelope

structure composed of several layers with different materials, the equation of total thermal resistance (R, m2·k/w) was

derived as Eq. (3.2).

� = ��� = ��
��

(3.2)

�� =
��
��
+� �� + �� (3.3)

Where, Rn is thermal resistance of each layer, m2·k/w. dn is thickness of each layer, m. �n is heat conductivity

coefficient of each layer, W/(m·k). Ri is the heat exchange resistance of the inner layer surface contacted with the

indoor air, which was assumed to be 0.11 according to the Thermal design code for civil building (GB50176-2016)

issued in China, m2·k/ W. Ro is the heat exchange resistance of the outer layer surface contacted with the outdoor air,

which was assumed to be 0.05 according the code, m2·k/ W. Based on Eq. (3.2), the K was formulated as Eq. (3.4).

� = 1
�

(3.4)

The solar heat gain coefficient and visible transmittance of single glazed windows installed in the building models

are 0.8 and 0.83, respectively. In accordance with Eq. (3.4), the U-values of envelopes and the detailed description of

the building constructions are listed in Table 3.1.

Fig. 3.3 Front facade details and size description of building Fig. 3.4 Back facade details and size description of building

model in simulation model in simulation
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Table 3.1 Construction features and material properties of the study building

Designation External brick wall External timber wall Tile roof Lattice window

Picture

Construction

U-value 2.72 W/(m2·K) 4.33 W/(m2·K) 3.87 W/(m2·K) 5.24 W/(m2·K)

3.3 Division of building azimuth interval

The BA is a parameter that measures and expresses the building orientation. Aiming at performing an in-depth

research of the impact of building orientation on the indoor environment and energy cost, the building model was

rotated at 20° increments clockwise to create a total of 18 BA intervals (Fig. 3.5, 3.6). Each building azimuth (BA)

interval is marked by a different color in order to facilitate the follow-up statistics. To simplify the simulation process,

the intermediate value of each BA interval is chosen as a representative parameter in software. For example, the

representative parameter for BA interval of [350°, 10°] marked red, is 0°(i.e., S), which represents the BA scope of

test scenario ranging from south by east 10° to south by west 10°. Consequently, there are 18 test scenarios

corresponding to a certain SD, as the intermediate value of each interval is chosen.

Fig. 3.5 Division of 18 building azimuth intervals for the test scenarios
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Fig. 3.6 Schematic division of 18 building azimuth intervals for the test scenarios

3.4 Division of shading depth interval

Based on the criterion of typology, the shading devices can be divided into shutter, roller, venetian blind and

overhang. Indoor daylighting and energy consumption performances in building vary greatly depending on the

shading device type [1]. Roof eaves and corridors mounted on the facades of Shizai traditional dwellings belong to the

overhang type, which are again regarded as the horizontal shading devices. Furthermore, according to the shading

device is movable or not, it can has two classifications (i.e., the movable shading device and fixed shading device).

Obviously, roof eaves and corridors in traditional dwellings are categorized as the movable shading device.

The shading depth (SD) is a key factor impacting the performance of the shading device [2]. In this study, the SD

(i.e., L1 as shown in Fig. 3.7-3.8) is defined as the distance between the outer terminal of shading device and the

external surface of the wall. The included angle of a3 can be derived by the following equation:

a3 = ∣180° − a1∣ (3.5)

Where, a3 (Fig. 3.9) is the included angle between the normal of south-facing wall and horizontal projection line of

solar radiation, °; a1 is the solar azimuth, °. According to the trigonometric functions, the b1 (Fig. 3.8-3.9) is

formulated as equation (3.6).

tan b1 =
tana2
cosa3

= tana2
cos∣180°− a1∣

(3.6)

Where, b1 is the included angle between the wall normal and vertical projection line of solar ray, °; a2 is the solar

altitude, °. The correlation between L1 and H3 is formulated as equation (3.7):

L1 =
H3+H4
tanb1

(3.7)

Where, H1 is the height of the corridor roof, m; H3 is the shadow height on the window, m; H4 is the height from the

bottom of the corridor roof to the top of the window, m.
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Fig. 3.7 Shading depth shown in front facade of the geometric model

Fig. 3.8 Schematic of shading depth and window Fig. 3.9 Schematic of various angles on solar

shaded by corridor roof shading used in equation formulation

The sun on the summer solstice and winter solstice is located at the highest and lowest points in the sky at noon,

on the longest and shortest days of the year respectively, whose solar altitudes are 83°43’ and 36°56’ in Sizhai. Due

largely to the Sizhai village being located in the climate zone of humid subtropical climate (Cfa) according to the

Köppen-Geiger Climate Classification [3], it is characterized by the pluvial climate here. The constructions of

traditional dwellings in East and Central China are erected by complying with the professional standard of Ying Zao

Fa Yuan (a book on elaborating the construction methods of the traditional dwellings in East and South China). Thus,

the tilt angles of the roof and overhang are both quite large, about 30° (i.e., c1). The bottom edge of the window is 0.9

m above the floor. Thanks to the particularity of the brick-timber construction, the overhang needs to be combined

with wooden parts to ensure its solidity and safety, as shown in Fig. 3.8. The window heights (H2) are generally

equivalent to 2 m in the Sizhai traditional dwellings, so the H4 can be calculated, which is equivalent to 1.1 m. Based

on the information above, the L1 can be determined by substituting the given data into equation (3.7). The maximum

and minimum SDs providing no shading and full shading to the window are 0.125 m on the summer solstice and
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2.334 m on the winter solstice, respectively. For simplification, the chosen SD range varies from 0.12 m to 2.37 m, at

0.25 m increments which divide it into 9 intervals (Table 3.2). By adopting the terminal values of each interval, the

building model corresponding to a certain BA generates 10 test scenarios.

Table 3.2 Building models with 10 kinds of shading depths at 0.25 m increments

SD of 0.12 m SD of 0.37 m SD of 0.62 m

WWR of 0.87 m WWR of 11.2 m SD of 1.37 m

SD of 1.62 m SD of 1.87 m SD of 2.12 m

SD of 2.37 m

3.5 Division of window-to-wall ratio interval

WWR is defined as the ratio of glazing area (Sg) to facade area (Sf) or the percentage of facade area installed with

glazing (equation 3.8). Since the indoor environments and energy costs are varied by changing Window-to-Wall

Ratio (WWR), the WWR of front facade was divided into 10 intervals at increments of 0.1. Deleting two terminal

intervals of [0~0.1] and [0.9~1] that are not applied to dwellings commonly, the variable scope of WWR was ranged

from [0.1~0.2] to [0.8~0.9] in this work. By adopting the terminal values of each interval, there are total 9 test

scenarios corresponding to a certain BA (Table 3.3).

WWR=Sg/Sf (3.8)
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Table 3.3 Building models with 9 kinds of window-to-wall ratios at 0.1 of increments

WWR of 0.1 WWR of 0.2 WWR of 0.3

Window area (m2) 1F: 7.92, 2F: 4.16 Window area (m2) 1F: 15.84, 2F: 8.32 Window area (m2) 1F: 23.76, 2F: 12.48
WWR of 0.4 WWR of 0.5 WWR of 0.6

Window area (m2) 1F: 31.58, 2F: 16.64 Window area (m2) 1F: 39.6, 2F: 20.8 Window area (m2) 1F: 47.52, 2F: 24.96
WWR of 0.7 WWR of 0.8 WWR of 0.9

Window area (m2) 1F: 55.44, 2F: 29.12 Window area (m2) 1F: 63.36, 2F: 33.28 Window area (m2) 1F: 71.28, 2F: 37.44

3.6 Description of various passive cooling wall types used in simulation

With the ever-increasing demands of energy conservation, the thermal insulation performance of traditional cavity

brick walls is not satisfied with the currently new energy saving codes yet. To this end, based on the two test

scenarios (i.e., base building and testing building) (Table 3.4.1-3.4.2), another two novel types of vented cavity brick

walls were proposed in this work, to create an air circulation condition for walls for decreasing the heat flowing

through walls. The novelly-designed scenario 1 is the building model with doubled inner layer thickness of vented

cavity brick wall (see Table 3.4.3), and the novelly-designed scenario 2 is the alternative with doubled layer

thickness in outer layer (see Table 3.4.4). The lower vent and upper vent were created for each bay of the test

building, the novelly-designed scenario 1 and the novelly-designed scenario 2, as shown in Table 3.4.

Through field investigation, the heights of traditional dwellings in Sizhai are generally 4 m. The centers of lower

vent and upper vent, whose dimensions are both 0.24 m (Height) × 0.24 m (Width) equivalent to the sum of two

bricks’ area on the facade, were assumed to be placed 0.36 m and 3.64 m above the flooring on the first floor,

respectively. In cooling season, the two vents in test building, novel scenarios were opened, for the sake of passive

cooling. In contrast, all of the vents in each of the building models were sealed by bricks during winter, aiming at

heat insulation.
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Table 3.4 Details of wall constructions for the building models used in simulation

3.4.1 Base building
Schematic Summer Winter

3.4.2 Test building
Schematic Summer (vents opened) Winter (vents closed)

3.4.3 Novelly-designed scenario 1
Schematic Summer (vents opened) Winter (vents closed)

3.4.4 Novelly-designed scenario 2
Schematic Summer (vents opened) Winter (vents closed)
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By means of increase in the thickness of inner layer or outer layer for the cavity wall, it can succeed in efficiently

blocking the heat transmission. As afore-mentioned, the heat transfer coefficient of the traditional cavity brick wall is

2.72 W/(m2·K), which can not meat the currently new codes in China. Here, the heat transfer coefficient of two

novelly-designed brick walls is 1.34 W/(m2·K), by using the Eq. (3.4), which is lower the upper limit of 1.5

W/(m2·K).

3.7 Design day data assumed in simulation

According to human sensations, the upper limit of temperature within thermal comfort ranges from 28 ℃ to 29 ℃,

and the lower limit of that ranges from 5 ℃ to 10 ℃. The climate in Sizhai is characterized by high air temperature

and high humidity in summer, while sunny weather conditions are prevailing in winter. Taking into consideration the

actual working conditions of Air Conditioning (AC) being controlled by occupants, hence, the criteria of turning on

the AC, according to the exterior temperature in this study, are that the mean monthly temperature is greater than or

equivalent to 28℃ in summer and lower than or equivalent to 5℃ in winter. According to the meteorological data in

Sizhai throughout the year (Fig. 3.10), the internal spaces need to be air-conditioned for four months (i.e., three

months need cooling and one month needs heating). Therefore, the cooling season in summer is consisted of June,

July and August, and the period of time needing heating in winter is January.

Notes: 1. Record High and Low Temperatures (round dots) note what are probably not the all-time record high and low temperatures for

that zone but rather represent the average record high and low temperatures. 2. Design High and Low Temperatures (top and bottom of

green bars) are used to calculate the sizes of the heating and cooling equipment. 3. Average High and Low Temperature (top and bottom

of yellow bars) are the averages of the highest and lowest dry bulb temperatures for each day during a month or a year. 4. Mean

Temperature (open slot) is the average of all dry bulb temperatures.

Fig. 3.10 Monthly and annual air temperatures in Sizhai village
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3.8 Selection of simulation tool

The building energy performances can be computed by numerous energy simulation tools, such as EnergyPlus,

IES-VE, ESP-r, TRNSYS, etc. However, through the review study on applying different tools to simulate energy

costs in buildings by varying WWR, Energy Plus is the most widely adopted, due to it with high accuracy of

computational results [4]. Moreover, the incorporation of DOE-2 and BLAST programs into this tool can conduct the

energy simulation of cooling, heating, lighting and ventilating for different types of buildings [5]. The ArchiWIZARD

is a piece of building energy assessment software integrated with the Energy Plus plug-in, especially worked for the

BIM models [6]. As obvious, the solar heat gain and solar radiation reception will influence the indoor air

temperatures and illuminance, respectively [7]. To this end, the ArchiWIZARD integrated with the EnergyPlus in-

plug, characterized by time saving during running, is suitable to be adopted in this work. The weather data file with

format type of typical meteorological year 2 (TMY2) was used for computing the building energy demand [8], which

can be converted by the DOE-2 program to make it compatible with Energy Plus [9]. On the other hand, the TMY2

format data were created by the National Renewable Energy Laboratory’s Analytic Studies Division under the

Resource Assessment Program, which can be downloaded freely from the U.S. National Renewable Energy

Laboratory.

Besides, the other two simulation tools of VELUX Daylight Visualizer 2 and Ecotect 2012 were used in this work.

The VELUX Daylight Visualizer 2 [10] is a professional lighting simulation tool for the analysis of daylight

conditions in buildings, which was used to analyze the visual comfort rate in each of the test scenarios in this work.

Besides, the Ecotect 2012 [11] is a piece of whole building simulation tool, which can be used to predict the thermal,

acoustic and visual performances in buildings. The thermal performance analysis method in this tool based on the

Chartered Institution of Building Services Engineers (CIBSE) is fitted to perform indoor air temperature simulation

in this study. Since the indoor illuminance and air temperature can impact the energy demands of artificial lighting

and AC [12], the software of ArchiWIZARD (version 3.1.1) was adopted again to research their correlations.
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Appendixes

Appendix 1 Software used in this study

Designation Legend Functionality Application
in this study

1.1 Ecotect
2012

The Ecotect produced by the Autodesk® .With a powerful function in
fields of simulation and analysis, can be used to simulate the indoor
daylighting conditions, variation tendencies of time-to-time temperatures
and thermal environments. The data and charts of simulation results are
with concise and accurate characteristics.

Simulation of
daylighting
and
temperature

1.2 PHOENICS
2009

It was launched commercially in 1981 by Concentration Heat and
Momentum Limited in Wimbledon, London, UK as the world's first
general-purpose CFD code. An assessment software for building energy
conservation simulates and analyzes the conditions of indoor and outdoor
ventilation. The velocity, amplification coefficients of air velocity, wind
pressure, etc., can be accurately simulated.

Simulation of
indoor
natural
ventilation

1.3 VELUX
Daylight
Visualizer 2

It was produced by the company of the VELUX Group. It is a
professional daylighting simulation tool for buildings that intends to
promote the use of daylighting and to aid professionals during realization
of the building design. From small investigations to full project
evaluations, it lets you calculate the performance of daylight in users’
designs.

Simulation of
IDF

1.4 Climate
Consultant 6.0

It was created by Building Technology and Urban Systems Division,
U.S. Department of Energy. It contains detailed climatic data of different
regions all over the world. The data include solar radiation, temperature,
humidity, atmospheric pressure, etc., which can be transferred to EPW
file directly.

Simulation of
ICT

1.5
ArchiWIZARD
3.1.1

It was created by the French company of GRAITEC. The tool is a real-
time 3D analysis software based on BIM model directly. ArchiWIZARD
provides accurate air temperature, thermal, light, solar gains and shadows
analysis, renewable energy simulation.

Simulation of
energy
consumption

1.6 Google
Earth

It was created by the Google company in U.S.. Google Earth is
incorporated with GIS (Geographic Information System), aerial
photography and satellite photos in a three-dimensional earth model, as
well as supplies functionality of distance measurement and GPS (Global
Position System), with relatively high accuracy.

Measuring
building
azimuth and
distance

Appendix 2 Measurement instruments used in this study

Designation Synopsis Picture

2.1 Infrared camera Type: FLIR T460 T632; accuracy: ±2℃; range of the measurement:

-20~1500℃; thermal sensitivity/NETD: <0.03℃@+30.

2.2 Illuminometer Type: 061206363; Accuracy: ±3%; Range of the measurement: 1~100000lux.

2.3
Hygrothermograph

Type: 20100117; Accuracy of temperature measurement: ±1℃; Accuracy of
relative humidity measurement: ±3% (30~99%) ±5% (5%~30%); Range of the
temperature measurement: -10℃~50℃; Range of the relative humidity
measurement: 5%RH~99%RH.

2.4 Infrared
thermometer

Type: AS530; Accuracy of temperature measurement: ±2% or ±2℃; Range of
the temperature measurement: -32℃~320℃.

2.5 Anemograph Type: 20100110; Pattern: hot ball anemometer; Distinguish ability: 0.01; Range
of the measurement: 0.01~30 m/s.
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Chapter 4

Investigation of the traditional dwellings’ characteristics

in East and Central China
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4.1 Introduction

4.1.1 Motivation

China has a vast territory with various landform and large latitudinal extension resulting in a diversity of climates.

Climate is a major factor that impacts the energy consumption of a building. Without the influence of climate, it is

difficult to generate and explain diverse building styles [1]. The climate adaptation strategies of traditional dwellings

vary greatly depending on local climate, since the building materials and techniques are different in each climate

zone. The traditional dwellings in China are classified into five categories in accordance with the criteria of building

materials and structural types (Fig. 4.1) [2]. With a substantial quantity of 131000 villages, the traditional villages in

China constitute 1.9% of the national administrative villages. Aiming at a better protection for the traditional

dwellings, the Ministries of Housing and Urban-Rural Development, Culture and Finance of China have published

five editions of Chinese Traditional Villages’ Catalogs, which include the total quantity of 6799 villages.

Fig. 4.1 Geographic distribution of the five categories of Chinese traditional dwellings and location of Zhejiang Province

Victor Olgyay, in his Climate Balanced Theory, indicated that buildings should merge with outdoor environments

and comply with the principle of preservation of the natural environment. At the same time, architects need to take

full advantage of natural resources and try to balance the relationship between buildings and nature [3]. Not only do

the architectural configurations and craft techniques of traditional dwellings reflect the social culture, customs, and

life-styles, but they also are the results of climate adaptation, which have been evolving constantly over a long period

of time [4]. Furthermore, the formations and arrangements of traditional dwellings are the harmonious results of

external conditions and internal replies, which rely on the medium with an effective interaction between the

components of building and the local climatic conditions [5]. Although traditional dwellings are not as efficient as

modern reinforced concrete buildings, in terms of sound insulation [6] and air tightness of envelope [7], the levels of
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carbon emissions and energy consumption are much lower and the climate adaptation is much more effective in

traditional dwellings [8]. Relying on passive climate-responsive strategies, traditional dwellings can buffer the indoor

thermo-hygrometric and daylighting fluctuations by using the favorable climatic elements like wind, solar radiation,

etc [9]. Consequently, the indoor microclimate can be kept stable and adjusted to the comfort limits, which provides

the environments with thermal and visual comfort for the occupants [9].

The thermal performances in traditional dwellings are considered in the design and construction phase,

contributing to creation of internal spaces with a good thermal comfort [10], so the active strategies of indoor

temperature regulation systems are almost never applied [11]. The total energy consumption per unit of traditional

dwelling area, with 18.0 kWh/m2-yearly is much lower than that of urban residences with 27.0 kWh/m2-yearly

(exclusion of heating and cooling energy cost in both cases as there are no heating or cooling systems in traditional

dwellings for a fair comparison) in China. Especially in the case of electricity cost, the average electricity cost of

traditional dwelling with 6.24 kWh/m2-yearly just accounts for 40% of the energy used in urban residences [12-13].

Low energy consumption and comfortable indoor environment are the major factors for a sustainable development of

traditional villages, so these topics are worthy of being studied.

4.1.2 Scientific originality

Many studies used the methodologies of field measurements and software simulations to assess the degree of

climate adaptation for traditional dwellings/vernacular buildings to local climate. Nonetheless, the passive climate-

responsive strategies of traditional dwellings for indoor environments have not been classified systematically, and

the Extension Level of Indoor Comfort Time (ELICT) with assistance of Buffer Effects (BEs) generated by passive

strategies has also not been researched qualitatively and quantitatively so far. In this chapter, the passive climate-

responsive strategies are categorized into PE and PS. In addition, an intensive study on ELICT corresponding to each

BE of PEs and PSs is carried out.

4.1.3 Purpose of the work

Zhejiang Province is located in East China (Fig. 4.1), where climate is characterized by hot summer and cold

winter. According to the diverse climatic and topographic conditions there, the Zhejiang traditional dwellings are

classified into five categories (Fig. 4.2) [14]. The dwellings in Sizhai traditional village belong to the category of

Eastern Zhejiang traditional dwelling, which are included in the first edition of Chinese Traditional Villages’ Catalog,

were chosen as the research topic in this chapter. The research results of passive strategies are summarized from the

study case of Thousand Pillars Dwelling (TPD) and its effectiveness of climate adaptation can provide some

methods and implications to create more comfortable indoor environments for rural residences.
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Fig. 4.2 Distribution of five categories of traditional dwelling in Zhejiang Province and location of Sizhai village

4.2 Research content and research methods framework

4.2.1 Theoretical foundations for this work

In the early 1970s, American scholar Holling was first to introduce the elasticity theory [15]. He applied it to

ecology for researching the quantity of external disturbance that an ecosystem can bear [16]. Gradually, this theory

was applied to other fields. Although the definitions of elasticity theories defined in each field are different [17], the

various definitions have a common meaning that the Elasticity Effects (EEs) have a capability to buffer and mitigate

outside impingement [18]. Currently, the definition scope of elasticity theory in architecture field is broad. The

buildings with the properties of flexibility, adaptability and changeability are all regarded as elasticity buildings [19-20].

As for the traditional dwellings, the elasticity theory states that under the condition of meeting structural

performances and spatial requirements, the EEs of passive climate-responsive strategies could improve the indoor

comfort level [21].

4.2.2 Field investigation for the traditional dwellings

By means of literature reviews and field investigations, the Passive Elements (PEs) and Passive Spaces (PSs) in

TPD were researched, and each EE’s characteristics of PEs and PSs were concluded as well. The PEs in TPD consist

of door, window, brick wall, wooden wall, perforated window, waist eave, roof and flooring, and the PSs include

patio, corridor and open-hall. Based on the field survey, both the material performances of PEs and configuration

features of PSs are analyzed. Besides, an infrared camera (Type FLIR T460 T632) was used to take photos of PEs

and PSs, aiming at researching the effectiveness of climate adaptation for TPD. Combined with some software

analyses, the characteristics of the traditional dwelling were explored.
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4.2.3 In-situ measurement for the traditional dwellings

4.2.3.1 Description of in-situ measurement position and testing time

Filed measurement is the assignment of a number to a characteristic of an object or event, which can be compared

with other objects or events. The scope and application of field measurement are dependent on the context and

discipline. In architecture field, the filed measurement refers to obtain the desired data through directly contact with

the respective subject, such as wind velocity, air temperature, relative humidity, as opposed to remote sensing

instruments (e.g., weather radar or satellites).

The field measurements were performed to research the degree of TPD’s climate adaptation to local climate

conditions. In this research, the climatic parameters were adopted to measure include air temperature, relative

humidity, air velocity, illuminance and wall surface temperature. The measurements of the air temperature, relative

humidity, air velocity and illuminance in both summer and winter were taken 3 days in a row from Aug 4 to Aug 6

and from Dec 29 to Dec 31 in 2015. Regarding the measurements of wall surface temperatures, it was conducted on

July 20, 2018 from 6:00 a.m. to 18:00 p.m.

4.2.3.2 Distribution of measurement points in the traditional dwelling

To study the indoor thermo-hygrometric and daylighting conditions quantitatively, we took measurements in three

main rooms of TPD. In addition, the point in an outer square outside the building was also selected to measure for

comparison. The measurement positions in the traditional dwellings of TPD are shown in Fig. 4.3.

Fig. 4.3 Seven measurement points in the traditional dwelling
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The selection principle of measurement points is to use non-occupied spaces and to spread collection points

throughout the mansion as much as possible. In detail, (1) P1 is a common patio; (2) P2 is a crab-eye patio; (3) P3 is

a corridor; (4) P4 is an open-hall; (5) P5 is a room on the first floor; (6) P6 is a room on the second floor; (7) P7 is an

outer square. The measurement details and conditions are depicted in Table 4.1.

Table 4.1 Measurement details and conditions of each point in the traditional dwelling

No. Location and
orientation

Function Area
(m2)

Window-to-wall ratio (%) Condition during the measurement
South-

facing wall
North-

facing wall
P1 1st floor Large patio 104.45 Non-occupied
P2 1st floor Small patio 11.56 Non-occupied

P3 1st floor, south-facing Corridor 25.38 Non-occupied

P4 1st floor, south-facing Open-hall 124.08 1 0.10 Non-occupied, non-heated or non-cooled,
no artificial lighting, no electric
ventilation

P5 1st floor, south-facing Suite 27.29 0.46 0.14 Non-occupied, non-heated or non-cooled,
no artificial lighting, no electric
ventilation

P6 2nd floor, north-
facing

Storeroom 27.29 0.46 0.14 Non-occupied, non-heated or non-cooled,
no artificial lighting, no electric
ventilation

P7 1st floor Square 1018.05 Non-occupied

4.2.3.3 Description of measurement tools used in this work

Data loggers used to measure the air temperature, relative humidity and illuminance were all placed in shaded

spaces in both interiors and exteriors. These climatic parameters were recorded by data loggers of illuminometer

(Type 061206363) and hygrothermograph (Type 20100117). Besides, the infrared thermometer (Type AS530) and

anemograph (Type 20100110) were used to measure the external and internal surface temperatures for both wooden

and brick walls and air velocities, respectively. All data loggers were operated at a height of 0.9 m above ground and

all data were recorded at 1 h intervals.

4.2.4 Dynamic simulation for the traditional dwellings

Climate Consultant 6.0 is a simple-to-use, graphic-based computer program that helps architects, builders,

contractor, homeowners, and students understand their local climate, which can suggest the most appropriate passive

design strategies for buildings in each climate zone and calculate the ICT corresponding to diverse passive strategies.

Besides, it uses annual 8760 hour EPW format climate data that is made available at no cost by the Department of

Energy for thousands of weather stations around the world. In this work, the tool of Climate Consultant 6.0 was

employed to analyze the passive strategy performance of traditional dwellings.
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The California’s 2013 Energy Code embedded in this software was chosen as comfort model in the simulation.

The comfort parameters are the indoor dry bulb temperature that should be between 20℃ and 23.9℃. But the

relative humidity limits are not specified in the code, a relative humidity with 80% and 66 ℉ (18.9℃) wet bulb is

used for upper limit and 27 ℉ (-2.8℃) dew point is used for lower limit. Based on different EEs of PEs and PSs in

TPD, the distributions and proportions of ICT in each month were simulated and computed. Following the preceding

qualitative and quantitative analysis, the study on ways and effectiveness of EEs are concluded. To facilitate

understanding, the research methods framework is shown in Fig. 4.4.

Note: AT: air temperature, RH: relative humidity, AV: air velocity, I: illuminance.

Fig. 4.4 Research methods framework

4.3 Descriptions of study building and climatic features

4.3.1 Description of study building (Thousand Pillars Dwelling)

The Sizhai traditional village is located in the mountainous area of western Zhuji city, Zhejiang Province, China

(Fig. 4.2). The terrain of the village slopes down from east to west forming a valley with an exit on the west side.

According to the village geography and building typology, Sizhai village is considered as a typical mountainous

traditional village. The TPD (Fig. 4.5- 4.6) with 852 pillars, situated in the western part of the village is also called as
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“Si Sheng Mansion”, which was selected as the study building in this work.

With magnificent momentum and antique beauty, it was built by the 32nd descendant named Si Yuanru in 1798.

The total area of the building base for TPD is 6850.14 m2, with 108.56 m length and 63.10 m width. The layout of

this mansion is divided into 8 quadrangle dwellings, 10 large patios, 36 small patios, 32 corridors and 118 rooms, as

shown in Fig. 4.7. The layout of the TPD is present a symmetrical distribution with the south-north axis and east-

west axis located in the middle of the building.

Fig. 4.5 Position of Thousand Pillar Dwelling in Sizhai village

Fig. 4.6 Bird’s-eye view of Thousand Pillar Dwelling Fig. 4.7 Layout and configuration of Thousand Pillar Dwelling

4.3.2 Description of local climatic features

According to the Code for Design of Civil Buildings (GB50352-2005) [22], Sizhai village is in the predominantly

hot summer and cold winter area, with latitude 29°43’ North and longitude 120°14’ East. Moreover, in compliance

with the Köppen-Geiger Climate Classification [23], the climate zone of Sizhai belongs to humid subtropical climate

(Cfa). Influenced by marine moist air flows and southeastern monsoon simultaneously in May, cool and warm

airflow converge here resulting in turbulent weather. Beginning from June, the subtropical high-pressure with warm
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and humid airflow from the Pacific Ocean meets the cold airflow from northern China leading to intense rains (plum

rains). From July to October, Sizhai experiences the high relative humidity and harshly hot weather conditions. As

cold northern air moves to the south of China constantly from December to February, the winter season is

characterized by the minimum temperatures and a dry climate. Then air temperature rises gradually during the period

from March to April. July is the hottest month throughout the whole year with mean temperature of 31.7℃, while

January is the coldest month with an average of 5.4℃. The mean annual temperature is slightly above 15.0℃ (Fig.

4.8-a), and the annual precipitation, precipitation days, average relative humidity and sunshine duration per year are

1373.60 mm, 158.30 d, 82%, and 1887.60 h, respectively. In addition, the southeasterly and northwesterly winds

prevail in summer and winter respectively (Fig. 4.8-b), and the mean annual air velocity is approximately 1.90 m/s.

Fig. 4.8 Climate data of Sizhai village (a-left figure) and (b-right figure)

4.4 Field investigation for the traditional dwelling of Thousand Pillar Dwelling

4.4.1 Passive strategies of climate adaptation in traditional dwelling of Thousand Pillar Dwelling

Climatic conditions consist of wind environment and thermal environment, which, in turn, can be described by the

measurements of air velocity, air temperature, humidity and radiation, etc [24]. A considerable quantity of elements

impact ICL, but most of them are correlated with climate, for instance, air temperature, average radiant temperature,

relative humidity and air velocity, etc. Taking into consideration the climatic features of Sizhai with “long summer

and short winter”, the most challenging issue to solve is to successfully adapt to the weather of summer period. So,

the predominant design principle for TPD is “consideration of heat insulation in summer as a priority and thermal

preservation in winter as a minor” [25].

To utilize some favourable factors existing in natural climate adequately and to prolong the ICT to the maximum,

the passive strategies need to be used. The ancient craftsmen usually regarded buildings as facilities used for
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adjusting and regulating indoor environments. By applying a variety of passive strategies like PEs and PSs, they

aimed at adapting buildings to local climate and improving ICL [26].

4.4.2 Passive elements in the traditional dwelling of Thousand Pillar Dwelling

The PE of TPD is comprised of Dynamic Passive Element (DPE) and Static Passive Element (SPE) (Table 4.2).

The DPEs have open-close function controlled by occupants. Reversely, the SPEs are the static building components.

Table 4.2 Characteristics and types of passive elements in the traditional dwelling of Thousand Pillar Dwelling

Designation DPE SPE
Element Door in

brick wall
Door in
wooden
wall

Window
in brick
wall

Window in
wooden
wall

External
brick wall

External
wooden
wall

Perforated
window

Waist eave Roof Flooring

Picture

Main material Wood Wood,
single-
glazing

Stone,
wood,
single-
glazing

Wood,
single-
glazing

Clay brick,
stone

Wood Stone Tile, wood Tile, wood,
clay brick

Clay brick

U-value
W/(m2·K)

2.83 3.11 2.72 3.11 0. 68 2.33 7.53 0.88 0.88 0.82

C
ha
ra
ct
er
is
tic
s

Double-layered
construction

● ● ● ● ●

Deep overhang ● ●
Low thermal
conductivity

● ● ● ● ● ● ● ● ● ●

Closing ● ● ● ●
Opening ● ● ● ● ◎

Po
si
tio
n

Vertical
interface

● ● ● ● ● ● ●

Top interface ● ●
Bottom
interface

●

Note: 1. ● represents an element with strong performance,◎ represents an element with medium performance. 2. The U-values of

building elements are generated from software of ArchiWIZARD 3.1.1.

The DPEs can exert the adjustment and modification effects to mitigate the impacts of outdoor climate variations

on interiors. Besides, those elements are a kind of medium connecting buildings with nature to create a mutual

relation between them. By opening or closing the DPEs, the ICL can be effectively improved in TPD. The SPEs are

characterized by a closed envelope that creates a comparatively independent space, which can buffer or mitigate the

adverse impact of outdoor climate on indoor environments.

4.4.2.1 Passive strategy used in Wall of traditional dwelling

The material of gable walls and back walls in TPD is sintered clay brick (Fig. 4.9). Stones are employed as plinths

for the external brick walls with height of 500 mm aiming at reinforcing the foundation and damp-proofing (Fig. 4.9).
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The thickness of external brick wall is 340 mm, 300 mm of which corresponds to a rowlock cavity wall composed of

2 single 50 mm brick walls with 200 mm of air layer between them. Besides, 20 mm layers of mortar are brushed on

both outer surfaces of the rowlock cavity wall (Fig. 4.10).

The walls of TPD orientated towards patios are made of wood (Chinese torreya and pine) with 30 mm thickness

(Fig. 4.11). Timber is characterized by high heat storing capacity and low heat conductivity, so it does not allow its

surface to gain a large amount of heat throughout the day, and resulting in poor heat transfer performance [27].

Fig. 4.9 External brick wall in TPD in traditional dwelling Fig. 4.10 Construction of external brick wall in traditional dwelling

Fig. 4.11 External wooden wall in TPD in traditional dwelling Fig. 4.12 Schematic of external brick wall in traditional dwelling

(1) Heat insulation and thermal preservation strategies

The brick walls in TPD are a kind of compound walls which employ the rowlock cavity pattern aiming at creating

an insulating layer of air inside (Fig. 4.12). When the air temperatures between interior and exterior are different, the

outer layer of the wall gains heat, resulting in its inner surface temperature differing from the temperature of air

inclosed in the wall inside. With slow changes of air temperatures in the airtight space, the heat transfer between two

single brick walls turns into a process of conduction, convection and radiation. Subsequently, the heat is gradually

transferred to internal spaces (Table 4.3.1.1). The heat transfer coefficients of brick walls with different constructions

can be calculated in compliance with equations formulated by DI Peng [28]. Under the condition of a single layer wall
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and a compound wall with the same solid thickness of 240 mm, the process of heat transfer in compound wall (with

heat transfer coefficient of 3.17 W·(m2·K)-1) is more complicated and difficult than that in single wall (with heat

transfer coefficient of 2.57 W·(m2·K)-1). Therefore, the compound wall is more appropriate to keep the indoor

temperatures stable [29].

Several infrared photographs of the wall were taken on Aug 5, 2015, in sunny condition. Based on the infrared

photographs shown in Table 4.3.1.1, an analogy was drawn between the two surface temperatures of an external

brick wall. The results show that the indoor surface temperature with 31.40 ℃, is 6.4℃ lower than that of the

outdoor surface. Regarding an external wooden wall, the indoor surface temperature with 30.9 ℃, is 4.8 ℃ lower

than that of outdoor surface (Table 4.3.1.1). In addition, the in-situ measurements of surface temperatures for the

external brick wall and external wooden wall were conducted on July 20, 2018, in sunny condition. As shown in

Table 4.3, the average temperature differences between the two surfaces of external brick wall and external wooden

wall are 7.49℃ and 3.00℃ respectively during daytime from 6 a.m. to 17 p.m. on July 20, 2018.

(2) Solar shading and ventilation mechanisms

Shading devices can improve internal environment in order to provide greater comfort for occupants. Furthermore,

the shading devices can reduce the heat gains during summer. Thus, use of shading device can improve building

energy performance. On the other hand, ventilation is the intentional introduction of outdoor air into a space and is

mainly used to control indoor air quality, as well as aims at improving thermal comfort or dehumidification.

The gable walls in TPD are “Matou wall” or “Guanyin dou wall”, covered with tiles on their tops and presenting

double pitched patterns. The configuration characteristics of gable walls are that their tops protrude above the roofs,

which can provide solar shading in summer so that delays the temperature rises of tiles and decreases the thermal

gains for internal spaces (Table 4.3.1.2).

(3) Solar radiation reflection

In Sizhai village, the total annual solar radiation and sunshine duration are approximately 4607.04 MJ/m2 and

1887.6 h, accounting for 45% and 22% of the whole year, respectively. The months with maximum solar radiation

and sunshine duration are both in July with about 553.60 MJ/m2 and 222.53 h, while February and January are the

months with minimum solar radiation and sunshine duration respectively, approximately 216.21 MJ/m2 and 102.73 h.

The external brick walls in TPD with elegant and clear colour, so the solar radiations can be reflected efficiently to

reduce solar heat gains for internal spaces [30]. The reflection ratio of near-infrared rays on light walls exceeds 80%,

and that of global solar radiation is greater than 65% [31]. As shown in Table 4.3.1.3, the temperature of white surface

is approximately 1.45℃ lower than that of black surface on the same wall in a summer afternoon.

http://www.baidu.com/link?url=Zawn4bN1mwdb66E2in-pXYZ4sua3Sy0qZRHUoTjYiKFmpRl5ixLONf_iAmYVEkb-LdTNK4uFJY3wlxicCbD_eq
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Table 4.3 Elasticity effect of wall in the traditional dwelling of Thousand Pillar Dwelling
4.
3.
1
Te
m
pe
ra
tu
re
ad
ju
st
m
en
t

4.
3.
1.
1
H
ea
ti
ns
ul
at
io
n

External brick wall
Heat transfer Temperature difference between two wall surfaces

Outdoor surface Indoor surface

Aug 5, 2015, 11:59 a.m. July 20, 2018, from 6 a.m. to 17 p.m.
External wooden wall

Heat transfer Temperature difference between two wall surfaces

Outdoor surface Indoor surface

Aug 5, 2015, 16:57 p.m. July 20, 2018, from 6 a.m. to 17 p.m.

4.
3.
1.
2
So
la
rs
ha
di
ng

Shading formed by “Guanyin dou wall” Shading formed by “Matou wall”

4.
3.
1.
3
R
ad
ia
tio
n
re
fle
ct
io
n

Temperature difference between white wall and dark wall

Aug 5, 2015, 16:22 p.m. July 20, 2018, from 6 a.m. to 17 p.m.
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4.4.2.2 Passive strategy used in Roof and waist eave of traditional dwelling

The construction of roof in TPD (Fig. 4.13) is shown in Fig. 4.14. With low thermal conductivity and high thermal

inertia, the sintered clay tiles employed as a surface layer in the roof can effectively mitigate the impact of external

climate variations on indoor temperatures. The overlap length between cover tile and bottom tile accounts for

approximately two-thirds of a tile length, that is the tiling method of “covering 70% and exposing 30%”.

Fig. 4.13 Upward view of the roof details in traditional dwelling Fig. 4.14 Schematic of the roof construction in traditional dwelling

(1) Heat insulation and thermal preservation

Since the heat exchange in a top floor space takes place in roof and walls, and that in a ground floor spaces just

takes place in walls, it results in that the indoor temperatures of the top floor are approximately 2 ℃ higher than that

of the ground floor during summer [32].

The TPD with 2 storeys, occupants are living in the lower floors during summer, and the upper floors are

generally used as storerooms for sundries. The windows of upper floors are all opened to expel the indoor heat to the

exterior by natural ventilation so that creates a thermal buffer zone for the lower floors. The tiles covered on the

roofs and waist eaves are used the tiling method of “up and down superposition” to create an air layer between tiles

and red mud slurry. To take away the heat of the slurry and tiles through airflow generated by wind pressure and

thermal pressure in the air layer, the seal eave boards are dismantled during summer (Table 4.4.1.2). According to an

infrared photograph presented in Table 4.4.1.1, the indoor temperature on the second floor is 32.9℃, which is 2.5℃

lower than outside near high noon in summer.

In winter, the seal eave boards are configured back on roof edges to improve the thermal preservation

performance of roof (Table 4.4.1.2). Synchronously, the upper floors are used as a bedroom and windows are all

closed to enjoy a greenhouse effect, where the solar radiations are passed through windows and solar gains are

transmitted from roofs (Table 4.4.1.2).
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(2) Solar shading

Roof eaves installed on facades are an effective passive strategy to minimize indoor temperatures and control the

transmission of sunlight permeability into internal spaces. In the hot summer and cold winter climate zone of China,

a building with the horizontal external shading devices can achieve a 3.2% reduction in energy consumption during

summer [33]. The roof eaves and waist eaves, characterized by deeply extended overhang of 0.90 m, provide solar

shadings for windows to avoid intense solar radiations, which is helpful for a reduction in heat gains for internal

spaces [27]. The evaluation parameter of shading rate (SR) is adopted to estimate the solar shading effects on upper

floor windows for a south-facing facade during daytime from sunrise to sunset, which was taken as the study case in

this section. As shown in equations (4.1-4.6), the processes of equation formulation for SR were conducted to

analyze the EEs of roof eave.

a3 = ∣180° − a1∣ (4.1)

Where, a3 (Fig. 4.15) is the angle between the normal of south-facing wall and horizontal projection line of solar

radiation, °; a1 is solar azimuth, °; b1 is the angle between the wall normal and vertical solar projection line.

According to the trigonometric function, the equation of tangent b1 is formulated as following:

tan b1 =
tana2
cosa3

(4.2)

Where, a2 is solar altitude, °. The equation of H3 (the shadow height on window shown in Fig. 4.16) is formulated as

following:

H3 = L1× cosc1 × tanb1 − H1 (4.3)

Fig. 4.15 Schematic of diverse angles related Fig. 4.16 Schematic of solar shading cast

to solar shading cast by roof eave by roof eave and roof eave’s depth
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Table 4.4 Elasticity effect of eave roof in the traditional dwelling of Thousand Pillar Dwelling
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Where, L1 is the depth of roof eave, 0.9 m; c1 is the tilt angle of roof eave, 30°; H1 is the height from bottom roof

eave to the top of window, 0.3 m; H2 is the height of window, 1.2 m. The equation of shading area (SS) is formulated

as following:

Ss = B × H3 = B × L1× cosc1 × tanb1 − H1 (4.4)

Where, B is the length of window, m. The equation of window area (Sw) is formulated as following:

Sw = B1 × H3 = B1 × H2 (4.5)
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Finally, the equation of SR is formulated as Eq. 6.

SR = (L1× cosc1 × tanb1 − H1)/H2 (4.6)

The data of solar altitude angles for the three days of the summer solstice, autumnal equinox and winter solstice

(the data of solar altitude angles for the vernal equinox and that for the autumnal equinox are the same) with

representative characteristics are selected as the calculation conditions (Table 4.4.1.3). In terms of calculation results

shown in Table 4.4.1.3, the SR is 100% throughout the whole daytime on the summer solstice, so the radiation

penetration into interiors is blocked completely, which is helpful for reduction in the solar heat gain for the internal

spaces and indoor air temperature stabilization. Regarding the autumnal equinox, there is slight amount of direct

sunlight covering the windows. In spring and autumn seasons, the outdoor air temperatures are high in Sizhai,

outstanding shading is conducive to improving thermal comfort. In contrast, the windows are with comparatively

low SR during daytime on the winter solstice, which contributes to solar heat gains and daylighting for interiors.

4.4.2.3 Passive strategy used in Flooring of traditional dwelling

(1) Construction of flooring pavement in TPD

The practice of flooring on the first floors is made by forming a subcrust layer with 200 mm thickness pressed on

foundation firstly. The materials of subcrust are “mixed earth” consisting of sand, ash and clay that forms an

aquiclude for indoor grounds. Then the cement sand layer with 40 mm thickness is paved over the subcrust to create

a screed-coat. Finally, the clay bricks with dimensions of 300 mm length, 300 mm width and 50 mm thickness are

paved over the screed-coat.

(2) Damp-proofing

The construction of flooring on the first floors in TPD employed a compromise practice that leads to the flooring

with high thermal stability, so the thermal performance of heat insulation in summer is almost equivalent to that of

thermal preservation in winter. Due to the usage of clay brick (Fig. 4.17) with low heat storage coefficient, just a

small amount of coolness can be stored in its interior in winter, so the surface temperatures are generally higher than

its dew point temperatures. Furthermore, the heat transfer from indoor air to the foundation is blocked effectively,

because of the clay bricks with high thermal resistance. Therefore, damp-related phenomena generally do not occur

on the indoor ground surfaces, even during the transitional season between spring and summer experienced heavy

rains and great temperature fluctuations. The damp-proofing property of flooring on the first floor in the traditional

dwellings is helpful for remaining the indoor humidity stable.
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The clay bricks with numerous micro-pores on their surfaces can absorb water droplets, which coagulate on their

surfaces occasionally. When outside humidity decreases, the moisture contained in clay bricks is evaporated and

expelled to exterior by natural ventilation. That’s why the clay brick is also called as “a breathing building material”.

Integrating with moisture-proof strategy of indoor pavement, both south-facing and north-facing facades of each

room in TPD are configured with a small ventilation vent (Fig. 4.18) for dehumidifying. Whereas, the ventilation

vents are stuffed by wood blocks in winter to enhance the thermal preservation performance of walls.

Fig. 4.17 Flooring on the first floor of traditional Fig. 4.18 A small ventilation vent near the

dwelling covered clay bricks door of traditional dwelling

4.4.2.4 Passive strategy used in Door and window of traditional dwelling

(1) Doors and windows installed in the external brick walls

To improve the heat insulation and thermal preservation capabilities of the external brick walls, the passive

strategy of “no opening or less opening” is adopted, resulting in the window-wall-ratios (WWRs) lower than 15%

(Table 4.5.1). In summer, the brick walls effectively prevent solar radiations from permeating into the building’s

interiors, which is helpful for keeping the indoor temperature low and stable. In winter, the thermal preservation

performance of the walls can be improved by closing these small windows. Moreover, the property of main entrance

in TPD is featured by transitional space, which exerts a noticeable EE to keep cold and wind out in winter.

(2) Doors and windows installed in the external wooden walls

Under the conditions of natural ventilation, the indoor temperature is approximately 1.7~2.5℃ lower than outside

temperature [34]. The patio-facing walls in TPD are made of timbers distributed into three bays usually. Differing

from brick walls, the external wooden walls are employed an opening strategy with high proportion of WWR about

46% (Table 4.5.2). All wooden walls for three bays are usually configured with doors, or the middle bay is

configured with doors and the other two are equipped with windows, in order to facilitate the cross-ventilation for

internal spaces. According to outdoor climatic conditions, a different number of doors and windows are opened to
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adjust and improve the ICL.

(3) Construction and open-close mechanisms of doors and windows

Solar radiation is the unique source for indoor natural lighting. Natural light is not only helpful in energy

conservation for buildings, but it also provides visual comfort, as well as is important for human health [35-38], etc.

Artificial lighting costs amounts to approximately 19% of the total electricity consumption in the world, resulting in

the CO2 emissions of about 1.3 billion ton per year [39]. The storey height of the first floors in TPD is high

(approximately 4 m), so the “heng pi window” (Table 4.5.3) is configured in the space between windows and beam

to improve the indoor daylighting levels.

The functionality of door and window not only provide daylighting for the building interiors, but also contribute to

create an indoor environment with desired thermal comfort. Door and window closing and opening mechanism are

the important factor impacting indoor environments in the internal spaces. The opening and closing mechanism

should be controlled in an appropriate arrangement to adjust the indoor thermal comfort level. During the different

period of time throughout the year, the arrangements of opening and closing for door and window are dissimilar, due

largely to the various climate conditions.

The doors and windows in TPD are characterized by a double-layered construction, which the outdoor layer is

window pane consisting of wooden lattice frames and glazing, and the indoor layer is a wooden shutter (Table 4.5.4,

4.5.5). Due to the solar shading provided by roofs and corridor eaves, both two layers of windows and doors in

south-facing and north-facing walls are kept opened for the sake of creating a well-ventilated environment during

daytime in summer.

Taking into consideration security and occupants’ living habits, both two layers of doors and windows in the

south-facing walls of the first floor are closed, but in other positions are both opened during nighttime in summer. By

closing window panes and opening wooden shutters in the south-facing walls, the internal spaces can gain solar

radiation that penetrates through the glazing parts of the window panes during daytime in winter. Regarding the

north-facing walls, the two layers are both closed to improve the thermal preservation of walls. During winter

nighttime, the two layers are closed in both the south-facing and north-facing walls. By varying the open and closed

conditions of two layers in different walls depending on time and outdoor climate conditions, the CIL can be

effectively extended (Table 4.6.1-4.6.2).

By using PHOENICS 2009, the conditions of indoor natural ventilation were simulated. The parameter of inflow

air velocity is set at 2.30 m/s with south by east 45° orientation. Since the space located within 2.00 m from the

ground is where the most human activities are performed, the wind environment planes at a height of 1.50 m from
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the flooring are chosen as the research objectives. The computational results show that the mean indoor air velocity

on the first floor is 3.53 m/s and 1.02 m/s during daytime and nighttime in summer, respectively (Table 4.6.3). Both

values meet the Assessment Standard for Green Building (GB/T 50378-2014) that stipulates the ideal range of air

velocity for an interior from 1.00 to 5.00 m/s.

Ecotect 2012 was used to simulate the internal daylighting conditions. The sky illuminance of simulation

environment in the software is set at 5000.00 lux. The simulation results show that the mean illuminance at a height

of 1.5 m on the first floor and second floor are 824.63 lux and 805.31 lux during daytime in summer, respectively.

Regarding winter daytime, the mean illuminance on the first floor is equivalent to that on the second floor, with

approximately 742.06 lux (Table 4.6.4). The mean illuminance values are both greater than 300 lux, which is the

minimum requirement for a bedroom, living room and kitchen, etc. in accordance with the Chinese Standard for

Daylighting Design of Buildings (GB 50033-2013).

Table 4.5 Construction of windows and doors in the traditional dwelling of Thousand Pillar Dwelling
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Table 4.6 Elasticity effects of doors and windows in the traditional dwelling of Thousand Pillar Dwelling
Time Summer daytime Summer nighttime Winter daytime Winter nighttime

Diagram

Wall South wall North wall South wall North wall South wall North wall South wall North wall
4.6.1
Door

WP WS WP WS WP WS WP WS
1 F ● ● ○ ○ ○ ● ○ ○

4.6.2
Window

WP WS WP WS WP WS WP WS WP WS WP WS WP WS WP WS
1 F ● ● ● ● ● ● ● ● ○ ● ○ ○ ○ ○ ○ ○
2 F ● ● ● ● ● ● ● ● ○ ● ○ ○ ○ ○ ○ ○
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1 F

Average value: 3.53 m/s Average value: 1.02 m/s
2 F

Average value: 4.21 m/s Average value: 4.21 m/s
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Note: 1. ● represents opening, ○ represents closing; 2. WP: window pane, WS: wooden shutter.
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4.4.3 Passive spaces in the traditional dwelling of Thousand Pillar Dwelling

Possessing a certain spaciousness with semi-open space feature, PSs are regarded as the third space between the

interiors and exteriors. In TPD, the PSs composed of patios, corridors and open-hall create a climate gradient in their

own spaces to provide a thermal buffer zone for internal spaces (Table 4.7).

Patio is an outdoor space generally used for dining or recreation that adjoins a residence and is typically paved,

which is characterized by small dimensions in TPD. The corridor in TPD is a long passage under sloped roof with

doors and rooms on one side. In contrast, the open-hall in TPD is huge and spacial.

Table 4.7 Characteristics and types of passive spaces in the traditional dwelling of Thousand Pillar Dwelling

Designation Patio Corridor Open-hall
Normal patio Crab-eye patio

Picture

Space property Semi-open ● ● ● ●

Open position Vertical direction ● ●
Horizontal direction ● ●

Characteristics Large opening ● ● ● ●

Small size ○ ● ◎ ○

Double-layered
construction

● ●

Deep overhang ● ● ● ●
Introducing natural
elements

● ○

Note: ● represents a element with strong performance,◎ represents a element with medium performance, ○ represents a element

with weak performance.

4.4.3.1 Passive strategy used in patio of traditional dwelling

(1) Humidity regulation and cooling strategy

The dimensions of patios in TPD are comparatively small, whose proportions of length and height are

approximately 1:1. Thus, the internal spaces of patios cannot receive lots of solar contribution during summer, which

contributes to delay the rise of air temperature. Sizhai experiences high air temperatures in summer, but wooden

fabrics are easy to crack in the hot or dry environment. So, as a precaution, occupants usually plant some trees or dig

a well in the patios aiming at a reduction in direct solar radiation gains and cooling the air by means of

evapotranspiration [40].
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Table 4.8 Elasticity effect of patio in the traditional dwelling of Thousand Pillar Dwelling
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Due to water possessing higher specific heat than the wall materials, the temperature fluctuation amplitude of

water is much slighter when they absorb or release the same amount of heat [41]. That’s why having water elements in

patios contributes to lowering air temperature in their closer to the ground portions [27]. Furthermore, water and plants

in patios have a cooling effect which keeps their ambient microclimate comfortable and stable. Based on the infrared

photographs presented in Table 4.8.1.1, the mean air temperature of patio is approximately 30.1℃ that is 5.1℃
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lower than outdoor temperature. The hot air from outside will lose heat when it enters into patios, which is helpful

for cooling the internal spaces.

(2) Daylighting and solar shading

From the view of architectural typology, patio provides sunshine distance and daylighting conditions for buildings

arranged around it. Whereas, the patios in TPD are characterized by small dimensions, which can lower solar

radiation exposures for walls and windows aiming at a reduction in heat gains for internal spaces [42]. Moreover, the

patios can uniform the indoor daylight distributions, where the main light source is diffuse radiation generated by the

envelope reflections around patios (Table 4.8.1.2).

(3) Natural ventilation

Due to the lower space of patio being shaded by its adjacent and opposite buildings, the ventilation at the bottom

of patio is mostly generated by thermal pressure. Regarding its upper space, the heat dissipation primarily is

performed by airflow created by both wind pressure and thermal pressure (Table 4.8.2). In addition, the stack effect

in patios integrated with outdoor wind pressure is beneficial to generate cross-ventilation for internal spaces. As

shown in Table 4.8.2.2, the mean air velocity in patio space is approximately 3.82 m/s.

4.4.3.2 Passive strategy used in Corridor of traditional dwelling

From the viewpoint of spatial configuration, the corridor with a deep eave also possesses the property of semi-

open space. During the transitional season between spring and summer, the plum rain weather conditions in Sizhai

remains uninterrupted about one month. The corridors provide a shelter for occupants avoiding splashing and getting

wet, when they walk in this mansion. Furthermore, by taking the climate adaptation into account, the corridors can

create an adjustable and controllable climatic buffer zone to reduce the adverse impacts of the outside climate on

interior environments.

(1) Heat insulation

To improve the heat insulation, the suspended ceiling is configured under the corridor roof in TPD. The closed air

layer between roof and ceiling delays the heat transfer, resulting in taking more time to heat up the air in corridor [27].

The thermal energy contained in this air layer can be expelled by natural ventilation to keep corridor space cool. In

addition, the roofs of corridors intercept the solar radiations for internal spaces, which contributes to a reduction in

peak heat flux. According to the infrared photograph shown in Table 4.9.1.1, the mean temperature near the flooring

of corridor is 28.5℃ that is 6.7℃ lower than outside. Meanwhile, it also is distinct from that of the upper space with

29.4℃.
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Table 4.9 Elasticity effect of corridor in the traditional dwelling of Thousand Pillar Dwelling
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(2) Solar shading and daylighting

The passive strategy of solar shading is vital for TPD in summer characterized by harshly hot weather conditions.

Corridors leaning against the wooden walls can minimize the indoor temperature fluctuations by means of solar
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shading. The solar shading mechanism of corridor is consistent with that of the roof eave, which both belong to the

external horizontal shading systems. By substituting the given data of corridor into the equations (4.1-4.6), the SR

can be determined for south-facing windows on the first floor shaded by corridor during the three representative days.

Where, the L1 is 1.8 m; c1 is 30°; H1 is 0.3 m and H2 is 2 m.

The calculation results show that the SR is 100% during the whole daytime on the summer solstice providing an

effective shading performance for interiors. There is also no solar radiation reaching the windows during the whole

daytime on the autumnal equinox, due largely to the fact that the corridor has a deeper overhang than roof. In

contrast, windows receive comparatively high solar contributions during daytime on the winter solstice, especially

near high noon, which contributes to heat gains and temperature increase for internal spaces (Table 4.9.1.2).

(3) Natural ventilation

The configuration of corridor is like a narrow lane, which also has the function of inducing ventilation. For one

thing, the airflow from outside is guided into each patio and room through the corridors. For another, the patios as

cool source spaces and the rooms as hot source spaces can form thermal pressure. The thermal pressure integration

of inducing ventilation function of corridor, all rooms arranged around patios can be driven to ventilate, which forms

a self-ventilation system to cool internal spaces in summer. As shown in Table 4.9.2, the mean air velocity in

corridor exceeds 5 m/s.

4.4.3.3 Passive strategy used in Open-hall of traditional dwelling

The open-hall is one of the most important spaces in Zhejiang traditional dwellings. With both features of

practicality and decorum, it is not only the public communication and reception room, but also the ceremony room

and sacrifice space, etc. Moreover, it is also the most significant symbol that represents the identity and status of the

host and hostess of the building. Regarding its space characteristic, the open-hall in TPD with a property of

transitional space is transparent and high.

(1) Heat insulation and daylighting

The open-hall in TPD has three bays presenting completely open plan for the south-facing facade, which is helpful

for improving indoor daylighting and accelerates internal heat discharge. Whereas, the north-facing walls are

relatively closed, of which the middle bay is enveloped by a wooden wall and two side bays are enveloped by brick

walls with small doors and windows. Based on infrared photograph, the mean temperature of the open-hall is 32.7℃,

which is 2.5℃ lower than outside (Table 4.10.1.1). Additionally, the mean illuminance levels according to the

computational results are 784.34 and 742.58 lux during daytime in summer and winter, respectively (Table 4.10.3.1).
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Table 4.10 Elasticity effect of open-hall in the traditional dwelling of Thousand Pillar Dwelling
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(2) Natural ventilation

There are two ventilation patterns existing in the open-hall, namely the Wind Pressure Ventilation (WPV) and

Thermal Pressure Ventilation (TPV). During summer, the doors and windows in the back wall are opened to reduce

resistance of airflow so that keeps the room well-ventilated. Furthermore, the open-hall can be regarded as the TPV

system with a single vent, where the air inlet and outlet are on the same side (Table 4.10.2). When the indoor

temperature is higher than the outside, the outdoor cool airflow enters into the bottom of open-hall and the indoor hot

air is expelled from upper space to exteriors. In contrast, the doors and windows are usually closed during winter to

block cross-ventilation, in order to improve occupants’ comfort sensation. In accordance with the computational

results presented in Table 4.10.2.2, the mean indoor air velocity in open-hall is approximately 3.5 m/s under

assistance of WPV and TPV during summer.

4.5 In-situ measurement for the traditional dwellings of Thousand Pillar Dwelling

Through on-site measurements, the climatic parameters of air temperature, air velocity, relative humidity and

illuminance in the common patio (P1), crab-eye patio (P2), corridor (P3), open-hall (P4), interior of the first floor

(P5), interior of the second floor (P6) and outer square (P7) in TPD were measured to analyze the EEs quantitatively

(Fig. 4.3). The thermo-hygrometric and daylighting monitoring were conducted in TPD during summer and winter,

which are the two most demanding seasons when the thermal comfort is considered. The measurement time in

summer was from Aug 4, 2015 to Aug 6, 2015; and that in winter was from Dec 29, 2015 to Dec 31, 2015.

Based on the EEs of PEs and PSs to control and adjust the indoor microclimate, the climatic parameters of internal

spaces are kept stable and close to the thermal comfort range. Thus, the measurements support the assumption that

the internal spaces can achieve thermal and visual comfort by the passive strategies.

4.5.1 Air temperature measurement for traditional dwelling

The passive strategies in TPD, such as the rowlock cavity walls with an enclosed air layer, the wooden walls with

low heat conductivity, the double-layered roofs, doors and windows, the compact patios, etc., all contribute to create

a comfortable thermal environment for the occupants. The EN 15251:2007 Thermal Comfort Standard stipulates that

the most comfortable indoor temperature for thermal sensation ranges from 26.50℃ to 30.8℃ in summer and from

21.8℃ to 24.1℃ in winter for a room without the use of heating and cooling systems. It is significant to note that

with the significant daily fluctuations of outside temperatures, the indoor temperatures remain comparatively stable.

The interiors of TPD can avoid the extreme high temperatures during summer daytime and extreme low

temperatures during winter night, and keep the indoor temperatures much closer to the comfort limits (Table 4.11).
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Table 4.11 Field measurements of air temperature in summer and winter

Season Summer
Time Aug 4, 2015, sunny Aug 5, 2015, sunny
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Te
m
pe
ra
tu
re

Season Winter
Time Dec 30, 2015, sunny Dec 31, 2015, sunny
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Legend

4.5.2 Relative humidity measurement for traditional dwelling

The EN 15251:2007 stipulates that both the most comfortable relative humidity levels for human beings range

from 20% to 70% in summer and winter for a room without air conditioning. By configuring ventilation vents,

constructing patios, substantial number of windows and doors in the wooden wall, etc., the internal spaces are kept

well ventilated in summer, which is helpful for expelling the heat and humidity to outside. Although the outdoor

relative humidity experience dramatic fluctuation, especially in the summertime, the indoor relative humidities are

kept stable under the control of these passive strategies. The profiles of measurement results show that the indoor

relative humidity remains in the range of 57%~68% in summer and 57%~65% in winter, which are both within the

comfortable range (Table 4.12).
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Table 4.12 Field measurements of relative humidity in summer and winter

Season Summer
Time Aug 4, 2015, sunny Aug 5, 2015, sunny

R
el
at
iv
e
hu
m
id
ity

Season Summer Winter
Time Aug 6, 2015, cloudy Dec 29, 2015, sunny

R
el
at
iv
e
hu
m
id
ity

Season Winter
Time Dec 30, 2015, sunny Dec 31, 2015, sunny

R
el
at
iv
e
hu
m
id
ity

Legend
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4.5.3 Air velocity measurement for traditional dwelling

Integrated with the ventilation strategies provided by patios and corridors, a considerable quantity of openable

doors and windows are located in the wooden walls, in order to facilitate a well-ventilated condition for all rooms in

the mansion. During summer, the average air velocities are comparatively high in common patios and corridors,

approximately 0.3 m/s (Table 4.13), due large to with the space property of semi-open. In contrast, the mean indoor

air velocities are below 0.025 m/s in winter (Table.13), since the windows and doors are usually closed aiming at a

reduction in thermal energy loss.

Table 4.13 Field measurements of air velocity in summer and winter

Season Summer
Time Aug 4, 2015, sunny Aug 5, 2015, sunny

A
ir
ve
lo
ci
ty

Season Summer Winter
Time Aug 6, 2015, cloudy Dec 29, 2015, sunny

A
ir
ve
lo
ci
ty

Season Winter
Time Dec 30, 2015, sunny Dec 31, 2015, sunny

A
ir
ve
lo
ci
ty

Legend
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4.5.4 Illuminance measurement for traditional dwelling

By constructing patios and installing openable doors and windows, the indoor daylighting levels can be controlled

and regulated efficiently. With assistance of PSs and PEs, the daylight factors of internal spaces are improved by

means of indirect and direct daylighting. As data of field measurements shown in Table 4.14, the indoor illuminance

ranges from 500 lux to 1300 lux in summer and from 350 lux to 1100 lux in winter.

Table 4.14 Field measurements of illuminance in summer and winter

Season Summer
Time Aug 4, 2015, sunny Aug 5, 2015, sunny

Ill
um

in
an
ce

Season Summer Winter
Time Aug 6, 2015, cloudy Dec 29, 2015, sunny

Ill
um

in
an
ce

Season Winter
Time Dec 30, 2015, sunny Dec 31, 2015, sunny

Ill
um

in
an
ce

Legend

4.6 Environment simulation for the traditional dwellings of Thousand Pillar Dwelling

As shown in Fig. 4.19, the computational results generated by Climate Consultant 6.0 display that the total

outdoor comfort time amounts to 380 h in Sizhai, accounting for 4.3% of the whole year. With air temperature rising

up gradually form April, the Outdoor Comfort Time (OCT) also becomes longer daily. Nonetheless, the OCT is
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transitory during the period from late May to mid-October, since the zone experiences a hot and humid summer. In

contrast, the cool and fresh autumn lasts from mid-October to mid-November, so the time within thermal comfort

limits is extended again. From late December to early March the climate is characterized by low temperatures, and

the OCT is shortened (Fig. 4.20).

Fig. 4.19 Annual distribution of outdoor comfort time in Sizhai village

Fig. 4.20 Monthly distribution of outdoor comfort time in Sizhai village throughout the year

Based on PEs and PSs in TPD, the ELICT is simulated monthly by the software of Weather Consultant 6.0 to

analyze the effectiveness of each EE. In accordance with computational results, the total ICT is extended from the

original 380 h to 3852 h at present, accounting for 44.58% of the whole year (Fig. 4.21). The EEs are much more

effective in May, June, September and October, in which ICT accounts for 18.1%, 11.5%, 14.2% and 22.1% of the
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whole year, respectively (Fig. 4.22). Among these passive strategies, the EEs of solar shading, natural ventilation

and dehumidification contribute notably to extend ICT, accounting for 10.2%, 8.3% and 9.9%, respectively.

Comparing to winter, the EEs are more effective in summer, accounting for 38.4% from June to September vs. 4.6%

from December to February, which validates the design principle of “consideration of heat insulation in summer as

priority and thermal preservation in winter as minor” in TPD. Table 15 indicates that during the six months of a year

from January to April and from November to December, the EEs principally exert heating function. On the contrary,

it predominantly plays a role on cooling for interiors from June to September.

Fig. 4.21 Indoor comfort time distributions based on diverse passive strategies in the whole year

Fig. 4.22 Distributions and proportions of monthly Indoor comfort time throughout the year
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Table 4.15 Indoor comfort time distribution in each month throughout the year
M January February

D
ia
gr
am

M March April

D
ia
gr
am

M May June

D
ia
gr
am

M July August
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D
ia
gr
am

M September October

D
ia
gr
am

M November December

D
ia
gr
am

Note: M is the abbreviation of month.

Based on the above-mentioned analyses, the DPEs, SPEs and transitional spaces in TPD all perform positive EEs

for both outside climate and indoor environments, contributing to creating a more comfortable indoor environment

for the occupants. Each PE and PS does not exist alone, but by means of mutual connection and collaboration, they

exert more efficient EEs, which contribute to improvement of the ICL and extension of ICT. The EEs of each PE and

PS are concluded in Table 4.16, of which the passive strategy of solar shading has the most significant impact on the



88

ICL in TPD, contributing to 895 h accounted for 10.2%, and that of cooling through evaporation leads to the

minimum ICL with 71 h accounted for 0.8%.

Table 4.16 Strategies and effectiveness of Passive strategies in the traditional dwelling of Thousand Pillar Dwelling

Note: 1. ● represents a element with strong performance,◎ represents a element with medium performance, ○ represents a element

with weak performance; 2. ■ represents PS,◇represents PE.

Elastic Effect Passive strategy Effectiveness PE or PS ICT (h) and proportion (%)

Te
m
pe
ra
tu
re
ad
ju
st
m
en
t

C
oo
lin
g
ad
ju
st
m
en
t

Strengthening heat insulation performance 191
(2.2)Rowlock cavity wall with a closed air layer ● ◇

Double-layered Roof ● ◇

Wooden wall with low heat-conductivity ◎ ◇

Double-layered window and door ● ◇

Solar shading 895
(10.2)“Matou wall” and “Guanyin dou wall” ○ ◇

Roof eave ● ◇

Waist eave ● ◇

Corridor ● ■
Reflection of solar radiation 179

(2.0)Light color wall ◎ ◇

Cooling through evaporation 71
(0.8)Well and plants in the patio ◎ ■

H
ea
tin
g

ad
ju
st
m
en
t

Strengthening thermal preservation performance 543
(6.2)Rowlock cavity walls with a closed air layer ● ◇

Double-layered Roof ● ◇

Wooden wall with low heat-conductivity ◎ ◇

Double-layered window and door ● ◇

H
um

id
ity

ad
ju
st
m
en
t

Humidity reduction 863
(9.9)Using stone wall base as damp-proof layer ◎ ◇

Small ventilation vent near the door ◎ ◇

Prevention wall from damp through eave ● ◇

Humidity adjustment
Ground surface used clay brick ◎ ◇

Well and plants in the patio ◎ ■

V
en
til
at
io
n
ad
ju
st
m
en
t

WPV 730
(8.3)Ornamental perforated window ○ ◇

Door and window ● ◇

Patio ● ■
Corridor ● ■
Open-hall ◎ ■

TPV
Patio ● ■
Open-hall ○ ■

D
ay
lig
ht
in
g

ad
ju
st
m
en
t Direct daylighting

Door and window ● ◇

Indirect daylighting
Patio ● ■
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4.7 Finding and discussion

Based on the passive climate-responsive strategies of PEs and PSs, the ICT is increased to 3852 h with the

assistance of EEs, accounting for 43.9% of the whole year. It shows that the passive strategies in TPD provide

effective EEs for internal spaces. Taking into consideration the research results of this study, it can be concluded that

the traditional dwellings in Sizhai village adapt to the local climate and mitigate the impacts of outdoor climate on

internal spaces effectively, which contributes to reduction in the building’s energy consumption. Nevertheless, some

studies with similar conclusions have been carried out in Portugal and other European countries, highlighting the fact

that techniques used in traditional dwellings as being effective for use in contemporary buildings [43-45]. Most of them

just focus on the passive strategies rather than the improvement on the level for indoor comfort.

Even though the aforementioned adaptive strategies of TPD are effective and improve the living conditions in this

dwelling, the perfect thermal conditions, according to modern standards, are not reached without modern heating and

cooling systems. So, during the 56.1% of the year, the thermal conditions in the dwelling are not within the comfort

ranges. Also, the extreme amplitudes of temperatures at the location of the dwelling is outside the range of

applicability of the comfort standards referred to this study. The winter temperatures sometimes can go below 5℃

and the summer temperatures rise up to 39.5℃, while the comfort model is designed for weather above 15℃ and

below 30℃ in EN15251:2007. This means that although the degree of sophistication of the design for the dwelling

elements is high, it is still not able to cope with local climate perfectly well.

The passive climate-responsive strategy in TPD consists of PEs and PSs, of which the PEs are composed of doors,

windows, roofs, flooring, etc. and the PSs are composed of patios, corridors and open-hall. The EEs of PEs and PSs

depend on adapting the local weather conditions and adjusting indoor microclimate rather than counteract the

outdoor climate. According to the season alternation and external climate variation, the EEs in TPD can exert

different buffer effects for internal spaces to create a comfortable indoor environment.

(1) The rowlock cavity walls with an air layer and the wooden walls with low heat conductivity have effective EEs

on heat insulation and thermal preservation for the building’s interiors.

(2) The tiles covered on the roofs and waist eaves adopted the pavement method of “up and down superposition”

create an air layer between tiles and red mud slurry, conducing to improving heat insulation and thermal preservation

(3) performances. Moreover, the roof eaves and waist eaves are both the effective passive strategies to minimize

indoor temperatures by decreasing solar exposures for walls, windows and doors.

(3) The construction of flooring for the first floors in TPD employed a compromise principle that leads to the

floorings with high thermal stability. Due to usage of the clay brick with low heat storage coefficient, just a small
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amount of coolness can be stored in its interior in winter, so the surface temperatures of the flooring in TPD are

generally higher than their dew point temperature.

(4) The construction of doors and windows in TPD are double-layered, which the outdoor layer is window pane

consisting of wooden lattice frames and glazing and the indoor layer is wooden shutter. By varying the open and

closed conditions of two layers and the degrees of their opening in different walls depending on time and outdoor

climate conditions, the CIL can be effectively extended.

(5) The patios in TPD with property of semi-open spaces are the important roles to play in humidity adjustment,

daylighting, solar shading and natural ventilation for building’s interiors.

(6) The corridors, together with suspended ceilings under the roof, create an air layer, which leads to the

improvement in heat insulation performance. Furthermore, the corridor eaves are also deep, aiming at maximizing

the solar shading covered wooden walls. Through induced air currents in corridors, all rooms arranged around patios

can be well ventilated.

(7) The open-hall in TPD is transparent and high, which has noticeable EEs in natural ventilation and daylighting

for indoor environments.

(8) An additional study on field measurements for air temperature, relative humidity, air velocity and illuminance

in diverse parts of TPD were carried out to research its climate-adapting effectiveness quantitatively. The

measurement results reveal that the ICL is improved effectively with the assistance of EEs.

(9) The results of qualitative and quantitative analyses show that based on the EEs, the total ICT is prolonged from

original 380 h to 3852 h at present, accounting for 44.58% of the whole year.

In conclusion, the research results indicate that the passive climate-responsive strategies of TPD located in Sizhai

village are examples of solutions able to adapt the hot summer and cold winter climate zone in China. Furthermore,

the strategies of climate adaptation based on the case study of TPD can provide some methods and implications to

rural residences for creating the comfortable indoor environments. Although the adaptation is not perfect, it is coping

effectively with the extreme local climate during almost the half of the duration of the year, which is a remarkable

achievement for a traditional dwelling. The standard comfort models are also not very suitable for studying this type

of building without the modern heating and cooling systems, so an effective quantitative analysis on the

effectiveness of all the aforementioned strategies can be performed only relatively well. Anyways, the study of the

design features made with local materials, effective passive climate-responsive strategies and high durability can be

useful as verified reference points for modern bio-climatic buildings in China.

The research results in this chapter attempts to provide a contribution in the passive building field by presenting
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the research results on thermo-hygrometric and daylighting performances of a traditional dwelling with assistance of

EEs. Even though all the advantages of passive strategies are evident in the traditional dwelling, there is a lack of

quantitative analyses and quantitative data to support the effectiveness of these approaches on improving ICL in the

hot summer and cold winter climate zone of China up to now. This chapter raises the significance of passive

strategies in traditional dwellings for improving their comfort levels of indoor environments. The research results

provide new opportunities for buildings using the traditional passive strategies aiming at climate adaptation at the

present day.
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Chapter 5

Impact of building azimuth on the energy consumption
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5.1 Introduction

5.1.1 Motivation

In accordance with IPCCAR5 (Intergovernmental Panel on Climate Change Fifth Assessment Report), the world

buildings were responsible for approximately 32% of the total energy consumption in 2010, which resulted in

emission of 19% of energy-related greenhouse gases. Based on some research predictions, the global building energy

consumption will continue increasing at the average growth rate of 15% from 2012 to 2040 [1]. The entire building

area of rural residences in China has reached roughly 24 billion m2 in recent years, accounting for over 60% of the

national building area [2]. Furthermore, the energy cost per unit of floor area in rural residence grows continually as

well, which rises from 3.02 kW·h/m2 in 2001 to 13.23 kW·h/m2 in 2017, with an increasing rate of 3.4 [3]. The data

from the State Statistics Bureau indicate that the total annual electricity consumed in rural residences is

approximately 90 billion kW·h, which accounts for about 26% of the national electricity cost of buildings [4].

Moreover, China is the largest CO2 emitting country in the world currently, of which the building sector is one of the

main energy consuming industries. The proportion of energy cost in buildings has reached up to 27.6% of the total in

China, with an evolving trend of continuous growth [4].

Energy consumption in rural residences is principally used for heating, cooling, lighting, cooking and appliances

in China, of which Air Conditioning (AC) (with inclusion of heating and cooling) and artificial lighting are

responsible for 20% and 7~8% of the total energy cost, respectively [5]. Additionally, taking into account the use of

electrical ventilators and humidifiers, etc., the energy used for regulating and adjusting indoor thermal and

daylighting environments accounts for approximately 30% of the total building energy consumption [5]. Besides, with

growing severity of global warming, more attention should be given to the construction industry to research low

carbon emission and the energy efficiency for buildings [6].

There are many factors influencing the building energy consumption, but some of them can be managed and

adjusted by using passive strategies. For instance, by incorporating the measures of thermal insulation [7-8] and

shading configurations [9-12] into buildings, as well as choosing a suitable building typology [13-16], optimum building

orientation [17] and appropriate fenestration system [18-19] for them, the indoor comfort level will be improved, which

can lead to the reduction in the building energy consumption and CO2 emissions. The passive strategy of selecting an

optimal building orientation is efficient to cut off energy consumption by means of taking advantage of the

renewable resources from nature[20], such as solar radiation and wind, which in turn decreases the reliance on the

power grid. Especially for a building with a rectangular configuration, the influence of its orientation on the energy

consumption is more evident [21-22].
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5.1.2 Research content

Building orientation is a sensitive factor influenced and restrained by ambient conditions frequently and easily by

constraints, such as the building base, roads and rivers. Especially, the selecting principle of building site for Chinese

traditional dwellings, “adaptation to local conditions”, makes building orientations more flexible and diverse. The

building orientation determination of dwelling is impacted by the road, building base and river, etc. In addition, the

distribution regularity and data statistics of building orientation for rural residences remain to be studied at a village-

scale. Nevertheless, these data have an important role to play on the energy saving potential assessment and passive

strategy implementation for the village. Therefore, this chapter is integrated with the real conditions of Chinese

traditional dwellings, which have been representative of housing samples, to explore the impact of BA on energy

consumption by varying its values within 360°.

The energy consumption of buildings varies with their BA principally via impacting their indoor temperature,

natural ventilation and daylighting [57]. In accordance with Martin Marin’s research results [34], among all active

systems, the energy consumption for space heating and cooling has the most dramatic fluctuation with varying BA,

and that related to lighting and ventilating is in the second and third place, respectively. Whereas, the energy used for

powering other electrical appliances is not affected by BA [34]. Thus, the energy consumption of AC (inclusion of the

heating and cooling), electrical ventilation and artificial lighting was selected as the evaluation parameter in this

chapter. A comparison of energy costs corresponding to the different BAs was performed to explore the best

building orientation, which contributes to effectively promoting the energy saving of dwellings situated in the

research region.

5.1.3 Scientific originality

The originality of this chapter is to estimate the thermal and lighting performances, as well as energy demands for

the traditional dwellings located in East and Central China based on changes in BA, which are experiencing the

harshly hot weather conditions over a long period of time. The evaluation of building energy cost for each of the test

scenarios is based on the computational results of indoor thermal and visual performances. Also, the proposed

analysis approach of BA can be regarded as a new research method for determining the optimal design option for the

traditional dwelling. Application of this method can contribute to minimizing energy consumption and achieving

energy saving in accordance with the data generated from the energy simulation, because a well-orientated building

can efficiently reduce the equipment costs and time in operation of active systems. On the other hand, until very

recently, related researches on the BA impacting energy consumption are often neglected to carry out in the

traditional buildings [35]. Thus, the research results based on the case study of traditional dwellings in this chapter
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may supply some new body of connection between BA and building energy consumption to fill in the knowledge

gap in this field.

5.1.4 Research purpose

The purpose of this study is to research the impact that building orientation has on indoor environments (including

air temperature, air velocity and illuminance), as well as on electricity consumption, based on the case study of

Sizhai traditional dwellings. Furthermore, the BA statistics at a village-scale for Sizhai were carried out to evaluate

its energy saving potential. The finding of this research may provide some suggestions on the building orientation

determination for newly-built rural residences and proposes a method of assessing energy saving potential for the

existing residences, taking the BA as the evaluation parameter.

5.2 Description of simulation tool and research flow

5.2.1 Division of dwelling subdomain for Sizhai village

According to the village geography and building typology, Sizhai village is considered as a typical mountainous

traditional village. Observing the layout of village by G.E., almost all dwellings are situated in the flat basin area

surrounded by mountains, and the scope of the building zone is highlighted by the red dashed line as shown in Fig.

5.1. By observing the remote image, there are totally 437 dwellings in this village.

In G.E. software, the longitude and latitude grid system covering remote sensing image can be automatically

generated. By zooming the remote sensing image, the grid system intervals and dwelling sizes can be adjusted

correspondingly. In this work, the intervals of grid system per unit are both set at 12.96’’ to create 10 dwelling

subdomains (Fig. 5.1), of which the building density in NO. 2 dwelling subdomain is highest.

Fig. 5.1 Scope of building zone and division of dwelling subdomains in Sizhai village
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5.2.2 Measurement method of building azimuth for dwelling

As shown in Fig. 5.2, by using the orientation measurement functionality in G.E. to click two terminal points of a

building ridge, the BA of dwelling can be obtained. Since the value of BA for a building facing directly south is

determined as 0° in this chapter, while the 0° in the G.E. represents facing directly north, the measurement data need

to be converted, namely the measurement values plus 90°. The BA measurement was performed for all buildings

located in the 10 dwelling subdomains of Sizhai village, and the analysis of percentage distribution corresponding to

the 18 BA intervals was also conducted for each subdomain.

Fig. 5.2 Measurement method of building azimuth for dwelling in G.E.

5.2.3 Research flow descriptions

To simulate and compute the three evaluation parameters for the test scenarios at a series of BAs, software of

ArchiWIZARD 3.1.1, PHOENICS 2009 and VELUX Daylight Visualizer 2 were used. In addition, through energy

simulation in ArchiWIZARD 3.1.1 and Ecotect 2012, the energy consumption of AC, electrical ventilation and

artificial lighting were computed, respectively. The total annual electricity consumption consumed in AC, electrical

ventilation and artificial lighting was evaluated as well to explore the optimum BA for dwellings in the summer hot

and winter cold climate zone of China. Together with on-site survey, the real data from electricity consumption bills

obtained from 4 suites were used to compare with the computational results from software, aiming at verifying the

computational result accuracy. Furthermore, using the evaluation parameter of BA, the energy saving potential of

Sizhai village was assessed by observing the percentage distribution characteristics of all BAs at village-scale. To

facilitate the understanding of the research methods framework, it is presented in Fig. 5.3.
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Fig. 5.3 Schematization of the proposed research method

5.3 Impact of building azimuth on the electricity consumption

5.3.1 Indoor temperature and electricity consumption of air conditioning with varying building azimuth

5.3.1.1 Air temperature in the internal space with varying building azimuth

The software of ArchiWIZARD 3.1.1 was applied to simulate and compute the average monthly indoor

temperatures for the 18 test scenarios, aiming at evaluating the influence degree, for different BAs, on air

temperatures. The geographic information of Sizhai village with latitude 29°34’ North and 120°26’ East was input

into this software. Simultaneously, as the options of topography and meteorological files, countryside and Shaoxing

climate were selected, respectively.

There are two ways in which the outdoor climate impacts indoor temperatures when the windows are under the

condition of being closed, namely the heat transmission by temperature difference and solar radiation. As the facades

facing different orientations possess the same WWR, the heat transfer through each window by the temperature

difference between exterior and interior is the same as well, but that due to the solar radiation varies greatly

depending on BA alterations. A building’s capacity to receive naturally heat for the internal spaces relies on its

external components and the way of its interaction with the sun [27]. Since the sunny weather conditions are related to

a high intensity of solar radiation, it results in the facades obtaining different solar receptions, and evidently leads to
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the difference in indoor temperatures with varying BA. On the other hand, although the orbit of the sun is symmetric

with respect to north-south axis at 12 o’clock, the solar radiation level is constantly changing in the sky, which is

impacted by the cloudage, dust level in air and air humidity, etc. In Sizhai, the magnitude of total solar radiation

during the first half-day is generally greater than that during the second half-day [36, 37]. Besides, the earth’s surface

absorbs and retains solar heat during the forenoon, so the exterior temperatures during the afternoon are higher,

which results in the fact that the heat transmissions performed on glazing of the test scenarios facing west are

generally more drastic than those facing east, as listed in Table 5.1.

The mean monthly indoor temperatures for south are generally lower than those for north during January, because

the test scenarios facing north lose a great quantity of solar reception. A mean monthly indoor temperature difference

of 2.5℃ between the best (S-W20) and the worst (N) BAs of the test scenario was achieved. Since the solar azimuth

becomes small in the morning of summer, which leads to the solar exposure time for the front facades facing south

being short in June and July, the highest indoor temperatures both occur in the test scenario with N-W80. With solar

azimuth increasing in August, the test scenario with S-W80 has the highest indoor temperatures. The mean monthly

indoor temperature differences between the best and the worst BAs of the test scenarios in June, July and August are

1.8 ℃, 1.5 ℃ and 1.7 ℃, respectively. During these four months, the lowest indoor temperatures are kept in the test

scenario with N.

Table 5.1 Mean monthly indoor temperatures in the 18 test scenarios during January, June, July and August

Mean monthly indoor temperature
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5.3.1.2 Impact of building azimuth on the energy consumption of air conditioning

During AC in operation, its action-points of heating and cooling temperatures should be controlled in appropriate

scopes. The optimum scopes of AC action-points range from 26 ℃ to 28 ℃ during summer and from 18 ℃ to 20 ℃

during winter [38]. According to the recommended AC action-points and taking into consideration the habit of

temperature setting for AC by occupants, the AC action-points were set at 27 ℃ and 18 ℃ in simulation for space

heating and cooling, respectively.

Since the active system used for both cooling during summer and heating during winter for the internal spaces is

AC in East and Central China, the electricity from power grid was chosen as the energy supply pattern in the

simulation throughout the whole year. For improvement the accuracy of computational results from simulation, some

set-points should be modified, in accordance with the real conditions of the air-conditioned conditions and

occupancy schedules for dissimilar rooms. In consideration of the air-conditioned conditions and occupancy

schedules for different rooms, the setting parameters in the simulation were adjusted as follows.

Since generally only bedrooms are equipped with AC in the Sizhai traditional dwellings, whose building area

accounts for, approximately, 33% of a suite, the air-conditioned building area of the middle suite was set at 13.2 m2

and the other four were all set at 7.99 m2. Due to each suite being occupied by a small family with an average of two

or three people, the population density of the bedroom was set at 0.221 in the simulation. Simultaneously, the

probability of all five suites being simultaneously air-conditioned was set at 80%. In addition, the schedule assumed

for the use of AC during weekdays is 7 hours daily, beginning at 22:00 p.m. and ending at 5:00 a.m. of the next day,

accounting for a 29.17% of the whole day. Since the air temperatures are comparatively low during the forenoon in

summer and the occupants’ daily schedule is postponed in winter, the time of AC functioning during weekends was

set at 15 hours daily, from 14:00 p.m. to 5:00 a.m. of the next day, accounting for 62.5% of the whole day.

By drawing an analogy between the electricity consumption for all the test scenarios, we found that the test

scenario with N requires the lowest total electricity energy of AC (876.96 kW·h), despite it having the highest

energy requirement (190.02 kW·h) for space heating during winter (Fig. 5.4). In general, the total electricity

consumption of AC in the test scenarios facing west is higher than that of those facing east, of which the test

scenario with N-W80 is assumed to be consumed the highest amount of electrical energy (979.87 kW·h). Moreover,

a total electricity use difference of 102.91 kW·h throughout a year between N (the best BA) and N-W80 (the worst

BA) of the test scenario is achieved. Furthermore, due largely to the climate in Sizhai, characterized by long summer

and short winter, the impacts of BAs on the total electricity consumption of AC throughout a year are more related to

the indoor temperatures in summer, by performing a comparison between Fig. 5.4 and Table 5.1.
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Fig. 5.4 Electricity consumption of air conditioning in January, June, July and August

and the total electricity consumption corresponding to different building azimuths

5.3.2 Indoor air velocity and electricity consumption of electrical ventilation with varying building azimuth

5.3.2.1 Natural ventilation in the internal space with varying building azimuth

Due to the Sizhai village characterized by the high air temperatures in summer with long period of time, the

average monthly temperature of September is comparatively high in Sizhai, which is about 25℃. Therefore, the

internal spaces require natural ventilation or electrical ventilation to expel the indoor heat, in order to mitigate the hot

sensation for occupants. Through field investigation, it was found out that the occupants usually use electrical

ventilators to make the indoor air flowing during this month. The prevailing wind directions in Sizhai are southeast

and northwest, which accounts for 48.4% of the duration of the whole year. Under the influence of Siberian cold

high pressure, the wind in winter is primarily from northwest. In contrast, due to the Northwest Pacific subtropical

high pressure, the main wind orientation is southeast in summer. The mean air velocities in June, July, August and

September are quite similar, approximately 2.1 m/s.
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Because Sizhai is surrounded by mountains, the outdoor air velocity is relatively low in comparison with the

average level of Shaoxing area. A field measurement was conducted to determine the set point of the incoming flow

speed in the simulation. The outdoor air velocities in the three measurement points, as shown in Fig. 5.5, were

measured during 3 days in a row from 4th to 6th of September, 2015, which were all days with sunny weather

conditions. The selection principle of measurement points was to use the open spaces and to spread them throughout

the village as much as possible. In detail, (1) Point 1 is near the mountain; (2) Point 2 is near the river; (3) P3 is near

the building. The data logger (i.e., Anemograph with type 20100110, see Appendix 1-1) located 1.2 m above the

ground level, recorded air velocity at 1 hour increments.

By taking an average for all the measurement data (Fig. 5.6), the means air velocity of the three measurement

points during three days was calculated, which is 0.33 m/s. Thus, this mean air velocity with south by east 45°

direction was chosen as a set point in the simulation. Because the height range within 2.00 m above ground is the

major activity space for human beings, the simulation planes in the test scenarios were all set at 1.2 m above floor.

Fig. 5.5 Distribution of the three points for measuring air Fig. 5.6 Hourly air velocities at three measurement

velocity in Sizhai village points for three days

As shown in Fig. 5.7, the magnitudes of mean indoor air velocities in test scenarios facing southeast are relatively

large, because their glazed walls face the windward side. The test scenario with S-E40° has the maximum mean

indoor air velocity, while the minimum air velocity occurs in the test scenario with S-E60°. The mean indoor air

velocity difference between these two test scenarios is roughly 1.11 m/s.

According to the Chinese construction industry code of Assessment Standard for Green Building (GB/T 50378-

2014), the evaluation parameters used for assessing indoor wind environments are the air velocity and the air

pressure. When the indoor air velocity is lower than 1.00 m/s, it results in poor ventilation for the internal spaces. In

contrast, if the indoor air velocity is higher than 5.00 m/s, it causes discomfort for humans. Hence, the optimum

indoor air velocity ranges from 1.00 m/s to 5.00 m/s. Excluding the test scenarios with S, S-E20, S-E40 and S-E60,

http://www.baidu.com/link?url=OXJi5wfE_sFMHI8Kgx_1xZaOvs-f0WjW032ApYxAXYqHqbqu1woHE4oqdT_VelihGUwvyWsXV_72IBZOR0KcW0PB_W-L4nlp840dYZ1PNcC
http://www.baidu.com/link?url=OXJi5wfE_sFMHI8Kgx_1xZaOvs-f0WjW032ApYxAXYqHqbqu1woHE4oqdT_VelihGUwvyWsXV_72IBZOR0KcW0PB_W-L4nlp840dYZ1PNcC
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the mean indoor air velocities for the other 14 BAs are all less than 1.00 m/s, which means they need to rely on the

electrical ventilation systems to improve indoor thermal comfort in summer.

Fig. 5.7 Mean indoor air velocities in the 18 test scenarios with various building azimuth

5.3.2.2 Impact of BA on the energy consumption of electrical ventilation

For the mean indoor air velocity lower than 1.00 m/s in a test scenario, the schedule of electrical ventilation in

operation during weekdays was assumed as to be of 11 hours, beginning at 18:00 p.m. and ending at 5:00 a.m. of the

next day in the simulation, accounting for 45.83% of the whole day. For the weekends, it was set at 15 hours daily,

from 14:00 p.m. to 5:00 a.m. of the next day. The situation of the cross ventilation being obstructed in the case of

doors being closed after bedtime at night was also taken into consideration. Thus, the electrical ventilation was

assumed to be working for 7 hours, from 22:00 p.m. to 5:00 a.m. of the next day in the test scenarios with S, S-E20,

S-E40 and S-E60. Furthermore, although the mean air velocities in the test scenarios with these four BAs are above

1.00 m/s, the natural ventilation is characterized by intermittence and instability. Thus, the time of electrical

ventilation system in operation for these four BAs, except for the bedtime period, was modified as half of that for the

other orientations, which are 2 hours on weekdays and 4 hours on weekends, respectively.

Besides, the electrical ventilator is also assumed to be operating for the adjusting of the indoor thermal

environments during weekdays for 4 hours, from 18:00 p.m. to 22:00 p.m. in the test scenarios with mean air

velocity below 1.00 m/s during June, July and August. Furthermore, regarding those scenarios above 1.00 m/s, the

time of electrical ventilator being in operation is set at 2 hours. Related to spatial division conditions in the Sizhai

traditional dwellings, each suite is equipped with two electrical ventilators (i.e., fans with power of 35 W) in the

bedroom and the living room, respectively.
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The parameter settings in the simulation were optimized as follows: the probability of each fan being in operation

was set as 75%, and the probability of the 5 suites being all under the mechanically ventilated conditions at the same

time was set as 80%. The electricity consumption corresponding to different BAs is summarized in Fig. 5.8, of

which the total annual electricity consumption of electrical ventilation for S, S-E20, S-E40 and S-E60 is all 82.05

kW·h and the others are all 130 kW·h.

Fig. 5.8 Electricity consumption of electrical ventilation in the 18 test scenarios

5.3.3 Indoor daylighting and electricity consumption of artificial lighting with varying building azimuth

5.3.3.1 Daylighting in the internal space with varying building azimuth

The tool of VELUX Daylight Visualizer 2 was employed to simulate the indoor illuminance for the 18 test

scenarios. Time spans of daytime and nighttime on the spring equinox are the same and the intensity of solar

radiation is very close to the average value of the whole year. Regarding the set points in simulation, 21st March (i.e.,

the spring equinox) with sunny weather conditions was selected, and the computational result in each of the test

scenarios was assumed to be 0.9 m above the floor level. In addition, the reflectance of walls, ground and ceiling was

set at 0.75, 0.60 and 0.65, respectively. By altering the set point of the orientation value, the BA can be varied

correspondingly without the need of rotation for the original model. Furthermore, by changing the time setting, the

illuminance for internal spaces can be simulated and computed at any time-point.

As shown in Fig. 5.9, both the mean indoor illuminance at 1 hour time-step in the test scenarios with S and N

presents symmetric distribution at 12 o’clock sharp. Besides, the mean indoor illuminance in the other test scenarios

are roughly symmetric symmetrical with respect to the south-north orientation (e.g., the indoor mean illuminance for
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S-W20 and SE-20, for S-W40 and SE-40, etc. is symmetrical with respect to the south-north orientation). In

comparison with the north facing test scenarios, the illuminance magnitude in the south facing test scenarios is

higher.

Fig. 5.9 Mean indoor illuminance at 1 hour time-step for in the 18 test scenarios

5.3.3.2 Impact of BA on the energy consumption of artificial lighting

The Chinese Standard for Daylighting Design of Buildings (GB 50033-2013) stipulates that the daylight factor in

bedrooms, living rooms and kitchens should be greater than 2%, and the illuminance in these rooms should be above

300 lux. Ecotect 2012 software was applied to simulate the arrangement condition and the least quantity of lighting

fixtures, as they satisfy the requirement of indoor illuminance being above 300 lux. As shown in Fig. 5.10, the

minimal quantity of fluorescent lamps in each suite is three, with 0.04 kW.

Fig. 5.10 Arrangement condition and quantity requirement of lighting fixtures over 300 lux
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ArchiWIZARD 3.1.1 with the plug-in of EnergyPlus was used to compute the electricity consumption of artificial

lighting for each of the test scenarios in this section. Through the questionnaire survey, we found that the wake-up

time and bedtime for occupants are generally at 6:30 a.m. and 22:30 p.m., respectively. When the illuminance in

each of the test scenario is lower than 300 lux, the lighting system is turned on to compensate the daylight

illuminance to reach the desired value (i.e., 300 lux) on the work plane (0.9 m above floor). While in fact, not all

lamps are in operation during nighttime generally, but according to occupancy conditions and lighting demand, a

different quantity of lamps are switched on. Therefore, the parameter settings for the energy cost of artificial lighting

in simulation also need to be optimized. The probability of all five suites being under the artificially lit conditions at

the same time was set as 80%, and the average quantity of lamps in operation was set at 1.5 for each suite of the test

scenario in this section.

As shown in Fig. 5.11, the time of artificial lighting being in operation is inversely proportional to the duration of

visual comfort (i.e., ≥300 lux). The time of artificial lighting in operation for the test scenarios facing north are

generally greater than of those facing south, of which the scenario with S-W40 requires the minimum artificial

lighting time. In contrast, the artificial lighting time is directly proportional to its electricity consumption. The total

annual electricity consumption of artificial lighting for south is generally lower than that for north, with a total

electricity use difference of 14 kW·h throughout a year between S-W40 and N-E40 (Fig. 5.12).

Fig. 5.11 Time of artificial lighting in operation and duration of visual

comfort in the 18 test scenarios over a year
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Fig. 5.12 Total annual electricity consumption of artificial lighting in the 18 test scenarios

5.4 Total annual electricity consumption and CO2 emission

The total annual electricity consumption (the overall energy consumed by AC, electrical ventilation and artificial

lighting per year) in the 18 test scenarios at a series of BAs are shown in Fig. 5.13.

Fig. 5.13 Electricity consumption and CO2 emissions in the 18 test scenarios
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The total annual electricity consumption in the southerly orientated buildings is generally lower than those in

northerly orientated buildings, of which the test scenario with S requires the minimal amount of energy (1489.99

kW·h). In contrast, the maximum energy consumption with 1645.33 kW·h occurs in the scenario with N-W80,

which is about 1.1 times higher than that with S. Using the standard coal conversion coefficient, the consumption of

1 kW of electrical power requires to burn 0.404 kg of standard coal, which results in CO2 emissions of 0.872 kg [39-40].

The CO2 emissions corresponding to the 18 test scenarios are calculated in Fig. 5.13 as well, and range from a low of

1299.27 kg to a high of 1434.72 kg, with a total difference of 135.45 kg.

5.5 Validation of computational results: simulation tool versus real bills

Ryan etc. [41] suggested that computational results generated by building energy simulation software need to be

validated by comparing with real energy consumed in actual building. Real energy bills are empirical, which are

often called as “true data” and regarded as an extremely powerful validation proof, because they could be used to

prove the accuracy of computational results [42].

Fig. 5.14 Positions of four reference buildings in Sizhai village

Fig. 5.15 Two reference suites orientated towards Fig. 5.16 Two reference suites orientated towards

S in NO. 1 dwelling subdomain N in NO. 4 dwelling subdomain
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Based on the previous discussions, the total annual electricity consumed by AC, electrical ventilation and artificial

lighting, which is generated by the energy simulation in software, is compared to that from the real electricity

consumption bills to verify the computational accuracy in this chapter. Because of the building model with five

suites was chosen in the simulation, the mean electricity consumption for each suite was calculated as one fifth of the

total annual electricity use. There are two selection criteria for the real bills from reference suites: (1) the reference

suite should be equipped with AC, fans and lamps, so that the energy consumption of AC, electrical ventilation and

artificial lighting can be obtained from the bills; (2) the building area of the reference suite should be around 30 m2

for fair comparison with the suite in the test scenario. Complying with these two conditions, the existing energy bills

from four real suites (Fig. 5.14-5.16) are selected as the “true data”, of which two are orientated towards S and the

other two are orientated towards N. The details of the four reference suites are listed in Table 5.2. The ETAAEC (total

annual actual electricity consumption, kW·h) including AC, electrical ventilation and artificial lighting can be

formulated as Equation (5.1).

ETAAEC = ET − EO (5.1)

Where, ET is the total annual actual electricity consumption including the all domestic electrical appliances, kW·h;

EO is the total annual actual electricity consumption of the all domestic electrical appliances except for AC, electrical

ventilation and artificial lighting, kW·h. In accordance with the time in operation and quantity of domestic electrical

appliances, the EO can be calculated and listed in Table 5.2.

Table 5.2 List of domestic electrical appliances and details of the four reference suites

Domestic electrical appliance EC EK Computer Television Refrigerator Calorifier
Power (w) 500 800 200 100 100 1500
Operation period Whole year Whole year Whole year Whole year Whole year NANY

Use frequency per day during workday 1 1 1 1 1 1

Use frequency per day during weekend 2 3 3 3 1 1
Operation duration for each time (h) 0.33 0.17 2 2 24 1

Electricity cost per month (kW·h) 6.27 4.08 12 6 12 45
Annual electricity cost (kW·h) 75.24 48.96 144 72 144 270
Suite 1-S
(29.87 m2)

Appliance ● ● ● ● ● ●
EO (kW·h) 754.2

Suite 2-S
(29.87 m2)

Appliance ● ● ● ● ●
EO (kW·h) 610.2

Suite 1-N
(32.01 m2)

Appliance ● ● ● ● ● ●
EO (kW·h) 754.2

Suite 2-N
(32.01 m2)

Appliance ● ● ● ● ●
EO (kW·h) 610.2

Notes: 1. ● presents the suite equipped with of the given domestic electrical appliance; 2. EC: Electrical Cooker; EK: Electrical Kettle;

NANY: from November to April of next year.
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Table 5.3 Total actual annual electricity consumption of 2014 and 2015 in the four reference suites

Designation ET of 2014 (kW·h) ET of 2015 (kW·h) ETAAEC of 2014 (kW·h) ETAAEC of 2015 (kW·h)
S-House 1 1045.24 1028.76 277.04 259.56
S-House 2 909.72 906.61 289.52 283.41
N-House 1 1056.12 1045.45 294.92 279.25
N-House 2 910.04 892.69 275.84 269.49

The ETs in the four reference suites throughout 2014 and 2015 are obtained from the monthly electricity

consumption bills stored by homeowners. Using equation (5.1), the ETAAECs are calculated and listed in Table 5.3. In

2014, the mean air temperature of January was 6.5℃, and that of three summer months, including June, July and

August, was 28.7 ℃. With regard to 2015, the corresponding mean air temperatures were 6 ℃ and 28.3 ℃,

respectively. Because the mean temperature in summer of 2014 was higher than 2015, the electricity consumption of

2014 was also higher than that of 2015 in the four reference suites.

The total annual electricity consumption in a suite with S and N from software is 294.95 and 309.09 kW·h,

respectively. By conducting a comparison between the electricity consumption obtained from real bills and software,

the average bias error of the four group data is 0.08, and the details are presented in Fig. 5.17.

Fig. 5.17 Comparison of the total annual electricity consumed by air conditioning, fans and lamps from real bills and simulation

According to the criteria indicated by Reeves et al. [43] and Maamari et al. [44], the accepted percentage of bias error

between real data and computational results should range in the scope of ±15% for the software simulation results to

be considered accurate.

The computed percentage of bias errors for the four group data and their average values are both below 15% (Fig.

5.16), which are clearly within the accepted range. Hence, the computational results are of a comparatively high

reliability, which can be regarded as a criterion for assessing energy saving potential of dwellings with different BAs.
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The possible sources of bias error which can impact the computational results are important to highlight: (1) The

BA is difficult to precisely measured for real dwelling, therefore the BAs used to conduct simulation test in software

can not precisely represent the actual BAs for dwellings. (2) A substantial quantity of assumptions were made in

software computation. The U-values of fabrics and materials used in the actual building may be not consistent with

the assumed value adopted in the software. (3) Software simulation estimates the amount of energy consumption

based on a fixed schedule, but the real conditions of occupancy times may differ from day to day throughout a year.

(4) The accuracy of computational results may be correlated to human behavior. As stated by Ryan and Sanquist [40],

the occupant behaviors are the common source leading to bias errors in the energy simulations, since they are highly

variable resulting in being almost impossible to model them accurately. Besides, the life-style and behavior of each

occupant is different, but the set points in the simulation are the same for each of the test scenario, which may also

cause bias errors. (5) Weather data is another factor that influences the accuracy of computational results. The

meteorological data used in simulation are collected from the whole Shaoxing city, but the case study in the

mountainous area is easily impacted by a micro-climatic environment, which may causes bias errors for the

computational results. (6) Some simplifications in the geometric model may be another source of bias error for the

computational results, such as the dwellings in Sizhai are surrounded by mountains and vegetation in fact, which

influences the intensity of solar radiation covering the walls.

5.6 Frequency distribution characteristics of BAs in Sizhai

5.6.1 Type classification of dwelling subdomain

In order to reveal the frequency distribution characteristics for all BAs in Sizhai village, the methodology of

frequency statistics [45] are adopted in this chapter. Based on observation and measurement results, the dwelling

subdomains in Sizhai village are classified into three categories, that is, the main uni-directional subdomain, the

main bi-directional subdomain and the multi-directional subdomain.

5.6.1.1 Definition of the main uni-directional subdomain type

The BA measurement for all dwellings located in the 10 subdomains was performed to analyze their BA

frequency distribution characteristics. If the summation of frequency values for two BA intervals that are vertically

opposite angles (i.e., Pn+ Pn+9, n≤9, P and n represent the frequency value for a certain BA interval and number of a

certain BA interval, respectively), namely the sum of percentage for two BA intervals of [a, a+20°] and [a+180°,

a+200°] (a is the initial value of each BA interval, a∈[10°, 30°...350°]), is equivalent to or greater than 70%, or the

frequency value for one BA interval is equivalent to or greater than 50%, a dwelling subdomain with the
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characteristic of BA frequency distribution matching with anyone of the above two conditions is classified as the

main uni-directional subdomain.

5.6.1.2 Definition of the main bi-directional subdomain type

Concerning the BA frequency distribution in a certain dwelling subdomain, if its summation of frequency values

for four BA intervals, of which two and two are both vertically opposite angles (i.e., Pm+ Pm+9+Pn+ Pn+9, m≤9, n≤9,

m≠n, m is the number of a certain BA interval), is equivalent to or greater than 70%, and the frequency values for

these two pairs of vertically opposite angles satisfies the condition of 1/2≤(Pm+ Pm+9)/(Pn+ Pn+9)≤2, this dwelling

subdomain is classified as the main bi-directional subdomain.

5.6.1.3 Definition of the multi-directional subdomain type

Except for the previous two cases, if the BA frequency distribution of a dwelling subdomain is presents other

patterns, this dwelling subdomain is classified as the multi-directional subdomain. Obviously, the frequency

distribution in the multi-directional subdomain is without distinct peak value for any BA interval. This is because the

building orientations in the multi-directional subdomain show scattered distribution, which are usually due to the

building site shape in the irregular mountain terrain.

5.6.2 Factors of impacting three dwelling subdomain types

5.6.2.1 Factors of impacting main uni-directional subdomain

Resorting to the remote sensing image with high definition provided by G.E. to observe the BA distribution

features of dwellings in the main uni-directional subdomain, we found that the BAs are principally determined by

roads and streams. On the whole, dwellings in the area being adjacent to roads and streams are orientated along them,

resulting in their ridges generally paralleling with the borders of the road or stream (Fig. 5.18). For instance, the BAs

within NO. 6 dwelling subdomain generally range in [190°, 210°], which are close to the road direction of 198°.

Moreover, the solar radiation is another driving factor that leads to most of the dwellings facing southward to

improve the natural daylighting efficiency.

Fig. 5.18 Distribution of road and stream in the Sizhai traditional village
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5.6.2.2 Factors of impacting main bi-directional subdomain

There are principally two dwelling typologies in Sizhai village, which are the detached dwelling and the courtyard

dwelling. The special configuration of courtyard dwelling, which is featured by four buildings as a group centered

around a patio, leads to its individual buildings presenting perpendicular correlation. Therefore, exclusion of roads,

streams and solar radiation, the configuration characteristic of courtyard dwelling is another significant factor, which

results in its BAs presenting a main bi-direction distribution. For instance, the NO. 10 dwelling subdomain belonging

to the type of main bi-directional subdomain is attributed to it just containing a huge courtyard dwelling.

5.6.2.3 Factors of impacting multi-directional subdomain

In the BAs within the multi-directional subdomain it is difficult to spot their main orientation. Through the remote

sensing image, we found that the dwelling distribution in the multi-directional subdomain is incompact, resulting

from the lack of uniform planning. The BA determinations for dwellings are usually restricted by the conditions of

their building sites, rather than affected by roads, streams and solar radiation. However, the south facing buildings

account for relatively large percentage, in general.

5.6.3 Building azimuth frequency distribution and assessment of energy saving potential for Sizhai village

By using the orientation measurement functionality of G.E., the quantity statistics and frequency distribution

analysis for all BAs scattered in the 10 dwelling subdomains were conducted. As shown in Table 5.4, among the 10

subdomains, the quantity and frequency for BAs within S interval, which has the highest energy saving potential, in

NO. 5 and NO. 1 dwelling subdomain are the largest, which are 10 and 33%, respectively. On the contrary, in NO. 7

dwelling subdomain, those within the worst BA interval of N-W80 are both the largest, 8 and 17% respectively.

From the viewpoint of statistics at a village-scale, all the BAs in Sizhai present a multi-directional distribution, as

shown in Fig. 5.19. The frequencies for the BA intervals of [190°, 210°], [310°, 330°], [330°, 350°] , [10°, 30°] and

[30°, 50°] account for comparatively high proportion of them, 11%, 15%, 14% , 10% and 12% respectively.

The quantity and frequency for BAs within the three BA intervals of S, S-E20 and S-E40, with the highest energy

saving potential, are 17 and 4%, 59 and 14%, 66 and 15%, respectively. Those for the worst three BA intervals of S-

W80, N-W80 and N-W60 are only 3 and 1%, 17 and 4%, 7 and 2%, respectively.

Based on the evaluation parameter of BA statistics, the sunmation of frequency for three kinds of BAs with the

highest energy saving potentials is 33% in Sizhai village, while that of frequency for three kinds of BAs with the

lowest energy saving potentials is 7%. Thus, Sizhai village is estimated to be in possession of a high level of energy

saving potential in general.
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Table 5.4 Quantity statistics and frequency distribution of all building azimuths scattered in the 10 dwelling subdomains

Designation NO. 1 dwelling subdomain NO. 2 dwelling subdomain
Legend

Frequency Quantity and frequency distribution of dwellings Quantity and frequency distribution of dwellings
Diagram

Type Multi-directional subdomain Multi-directional subdomain
Designation NO. 3 dwelling subdomain NO. 4 dwelling subdomain
Legend

Frequency Quantity and frequency distribution of dwellings Quantity and frequency distribution of dwellings
Diagram

Type Main bi-directional subdomain Main uni-directional subdomain
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Designation NO. 5 dwelling subdomain NO. 6 dwelling subdomain
Legend

Frequency Quantity and frequency distribution of dwellings Quantity and frequency distribution of dwellings
Diagram

Type Multi-directional subdomain Main uni-directional subdomain
Designation NO. 7 dwelling subdomain NO. 8 dwelling subdomain
Legend

Frequency Quantity and frequency distribution of dwellings Quantity and frequency distribution of dwellings
Diagram

Type Main uni-directional subdomain Multi-directional subdomain
Designation NO. 9 dwelling subdomain NO. 10 dwelling subdomain
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Legend

Frequency Quantity and frequency distribution of dwellings Quantity and frequency distribution of dwellings
Diagram

Type Main uni-directional subdomain Main bi-directional subdomain

Fig. 5.19 Quantity and frequency distribution of building azimuths for all dwellings at village-scale

5.7 Finding and discussion

Taking the front facade equipped with glazing as reference, the BAs of dwellings are measured in G.E.. The

building model was rotated at 20° increments clockwise to create a total of 18 test scenarios in this work. By using
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software simulations, the thermal and daylighting performances in 18 test scenarios were created to assess their

indoor comfort levels, based on the three evaluation parameters of indoor temperature, air velocity and illuminance.

Furthermore, the electricity consumption of AC, electrical ventilation and artificial lighting, as well as the total

annual electricity consumption were computed by software to explore the optimal BAs for dwellings corresponding

to various BAs in the summer hot and winter cold climate zone of China. The finding of this research is summarized

as follows.

(1) The test scenario with N requires the minimum total electricity consumption of AC. In general, the total

electricity consumption of AC in the test scenarios orientated west is greater than those of the east, of which with the

maximum electricity consumption (979.87 kW·h) was assumed to be the test scenario with N-W80.

(2) The total annual electricity consumption of electrical ventilation systems for the test scenarios with S, S-E20,

S-E40 and S-E60 is all 82.05 kW·h, and that with the other 14 BAs is all 130 kW·h.

(3) The total annual electricity consumption of artificial lighting for south is generally lower than for north, where

a total electricity use difference of 14 kW·h throughout a year between S-W40 (the best BA) and N-E40 (the worst

BA) of the test scenario is achieved.

(4) The test scenario requiring the minimal amount of energy is orientated towards S, which is 1489.99 kW·h. In

contrast, the maximum energy demand, with 1645.33 kW·h, occurs in the alternative with N-W80, which is about

1.1 times greater than that orientated towards S.

(5) By performing the quantity statistics and frequency distribution analysis for the all BAs at a village-scale, in

Sizhai village, the quantities and frequencies for BAs within the best three BA intervals of S, S-E20 and S-E40 are

17 and 4%, 59 and 14%, 66 and 15%, respectively. Those within the worst three BA intervals of S-W80, N-W80 and

N-W60 are merely 3 and 1%, 17 and 4%, 7 and 2%, respectively. From the viewpoint of BA, Sizhai village has a

high level of energy saving potential in general.
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Chapter 6

Impact of shading devices with various shading depth and building

azimuth combinations on the energy consumption
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6.1 Introduction

6.1.1 Motivation

The building energy consumption rapidly increases, and now it accounts for approximately 32% of the total final

energy cost and 40% of the total primary energy cost in the world [1]. To address this issue, a large quantity of studies

have focused on how to create the energy efficient building with high level of thermal and visual comfort, by

adopting the passive strategies [2], use of renewable energy [3], suitable building materials [4], smart building

automation systems [5] and advanced building information technologies [6], etc.

China is the largest CO2 emission country in the world currently, of which the building sector accounts for 19%.

What’s more, the proportion of building energy consumption has reached 27.6% of the total in China, with the trend

of continuous growth [7]. Especially, the summation of Chinese rural residences is large, with a total building area of

approximately 24 billion m2, accounting for more than 60% of the national total and it keeps growing at increments

of 700~800 million m2 per year [8]. Furthermore, the energy consumption per unit area in rural residences has also

been increasing in the recent years, rising from 3.02 kW·h/ m2 in 2001 to 13.23 kW·h/m2 in 2017, which is

approximately a 3.4 times increase in a 16 years period [9]. Furthermore, due to yearly air temperatures rising due to

the global climate change, the Air Conditioning (AC) usage time is expected to increase as well, due largely to the

improvement of the living level. Consequently, there is an inevitable tendency to advocate and to develop the energy

efficient buildings [10].

Window is an integral component of the building, which usually brings solar radiation into the buildings as it

allows sunlight infiltration. Solar heat can improve the thermal comfort levels for the building’s interiors during the

cold months, which helps to reduce the heating requirements. In addition, solar radiation is a renewable resource

useful for the internal space daylighting, which can cut down the time of artificial lighting in operation to achieve

energy saving.

Whereas, an opposite effect occurs in summer, since too much solar energy is transmitted through glazing, this

will cause over heat and glare inside. Aiming at creating an indoor environment with thermal and visual comfort for

occupants, installing appropriate shading device is an efficient way to avoid the excessive solar heat gain and to

improve the thermal and daylighting performances in buildings [11]. For instance, reduction in the solar gain as much

as of 80% can be achieved in a building, with glazed areas that are fully shaded by an external shading device system

[12]. Thus, as an indispensable component, the shading device is used by the fenestration systems to reduce the

building energy consumption, as well as to avoid the uncomfortable glare [13].
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6.1.2 Scientific originality

In the research field of residential buildings, there are also numerous studies focused largely on the influence of

solar shading on the building energy consumption and daylighting performances conducted by O’Brian et al. [14],

Arasteh et al. [15], Mavrogianni et al. [16], J. Karlsson [17], Sullivan et al. [18], S. Firlag et al. [19], Kim et al. [20],

Vanhoutteghem [21]. Besides, the shading system also plays an important role in improving the occupants’

productivity and health [22]. Due to the shading device having many advantages, it has become a passive strategy

commonly applied in both newly-built construction and in retrofit projects. On the other hand, the total energy cost

consumed by heating, cooling and lighting systems is responsible for a large proportion of the total in buildings [23].

Thus, the topic of improving the energy saving potential by means of the shading devices has become a major issue

for buildings at present, where the internal environment and the energy consumption need to be coupled together to

be analyzed in depth [24].

The traditional dwellings in East and Central China place a large emphasis on shading, as a result of the intense

solar radiation and high outside air temperatures in summer. The roof eaves and corridor roofs in these buildings are

characterized by the large tilt angles and large Shading Depths (SDs), aiming at providing a noticeable shading

performance to lower the solar exposures and at covering walls on the second floor and first floor, respectively.

Furthermore, since the building orientation determination for the traditional dwelling complies with the rule of

“adaptation to building site conditions” in East and Central China, the BAs vary considerably depending on the

building site. The present research mainly focuses on the impacts that the shading devices facing a limited quantity

of orientations have on the energy consumption and on indoor daylighting performance, while few studies are based

on the study of multiple orientations [13, 25]. In addition, many studies related to the influences of shading devices on

the building energy consumption are based on changes in shading depth within a relatively small scope [14, 26].

Whereas, the studies about the impact on the energy consumption performance at a series of SDs, from providing

full shading to no shading for glazing, are rather scarce. What’s more, the related researches, in particular with

regards to the impact of shading device on the energy consumption, have often been neglected to get carried out in

the traditional buildings [27].

Based upon the afore-mentioned discussion, the originality of this chapter is to estimate the performances of solar

energy management devices installed in the traditional dwellings of East and Central China. Rather than focus on the

performances of certain evaluation parameters, the shading performance, indoor daylighting and thermal conditions,

as well as energy behaviors were analyzed step by step, and the four kinds of evaluation parameters generated by

simulation tools were all compared with the in-situ measurement data to verify the computational results accuracy.
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After coupling the shading devices based on changes in depths with the angle rotations of Building Azimuths (BA)

in the test scenarios, the total energy consumption including artificial lighting and AC is proven to vary under

reasonable assumptions in the basis of energy simulation. Then the proposed models of shading devices with various

SD-BA combinations can be used to explore the optimum shading depths for various BAs, in consideration of the

energy consumption and indoor visual comfort. Also, the proposed SD-BA combinations can be regarded as a new

method for determining the best final designs of SDs for the traditional dwellings with different building orientations.

Furthermore, an evaluation criterion based on the energy saving potential and visual comfort was proposed. Then it

was used to assess the energy saving potentials for three given specific dwellings to prove the applicability of the

proposed evaluation criterion for the existing residences. On the other hand, until very recently, big attention, in

terms of the shading performance, has been given to the contemporary buildings, rather than the traditional buildings.

Thus, the traditional dwellings that were adopted as case studies in this chapter, can supply some new body of

knowledge on the shading, to fill in the gap in this field. The research results can be used in any country to explore

the optimum SDs for various BAs, by using the corresponding geometric model and local climate data instead of the

original ones used in simulation.

6.1.3 Research purpose

In this chapter, a small-scale traditional dwelling was taken as the study building, situated in the Sizhai village,

Zhuji city, Zhejiang Province, China. The roof eave and the exterior corridor installed on facade, both belong to the

external fixed shading device system. This chapter focuses on the impacts of shading devices with different depths,

based on changes in BAs on the indoor daylighting, air temperatures and building energy consumption. The

recommended SD for each BA was summarized, in accordance with the daylighting standard issued by the Ministry

of Housing and Urban-Rural Development of China, and the energy consumption performance. Since the building

energy saving can be achieved by selecting shading device of a proper depth, this study results aim at providing

some reference on SD determination to both newly-built constructions and to retrofit projects of the rural residences.

Furthermore, an evaluation parameter based on SD was proposed, for the sake of supplying a new approach to

estimate the energy saving potential of a building.

6.2 Research process and research flow

Taking into consideration the combination of SD and BA, there are a total of 180 simulation samples in this

chapter. The evaluation parameter of Solar Heat Gain Coefficient (SHGC) [28] was employed to assess the shading
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performances of configurations for the windows, which is defined as the ratio of solar radiation that enters a building

through the window with a shading device to that without a shading device. Furthermore, the SHGC has a

negative correlation with the Shading-to-Window Ratio (SWR) [29]. To simulate the SHGC and SWR, the software of

ArchiWIZARD [30] (version 3.1.1) and Sketchup were adopted, respectively.

The Sketchup [31] can allow end-users and professionals to virtually learn the shading performance on window,

before the real building is constructed on site. The ArchiWIZARD is compliant with the code of CSTB (Central

Scientific Technological Building), which could be used as a plug-in installed in the software of Sketchup to perform

the energy simulation in the Sketchup interface. Aiming at learning the correlation between the SHGC and SWR, the

Sketchup 7 [32] program was used. By changing the set points of time and date in the simulation tool, the shading

conditions could be simulated at any time-step throughout the whole year. Using the distance measurement tool in

Sketchup 7, the percentage of shade coverage area on the glazing can be calculated, namely the SWR. In this chapter,

the evaluation parameter of Mean Shading-to-Window Ratio (MSWR) during daytime was selected to estimate the

shading performances for the test scenarios. The validation of computational results from the Sketchup 7 was

conducted, by comparing with the calculation data using equations which are originally formulated by authors.

Besides, the two other simulation tools of VELUX Daylight Visualizer 2 and Ecotect 2012 were used in this work.

The VELUX Daylight Visualizer 2 [33] is a professional lighting simulation tool for the analysis of daylight

conditions in buildings. And Ecotect 2012 [34] is a whole building simulation tool that can used to predict the thermal,

acoustic and visual performances of the buildings, where the thermal performance analysis in is based on the

Chartered Institution of Building Services Engineers (CIBSE), and is suitable to perform indoor air temperature

simulation. Obviously, the solar radiation reception and the solar heat gain influence the visual and thermal

environments of the internal spaces [15,35]. Thus, the VELUX Daylight Visualizer 2 and Ecotect 2012 were selected to

simulate the indoor illuminance and air temperatures in the test scenarios with different SD-BA combinations,

respectively. To validate the computational results, a courtyard consisting of four detached buildings in the Thousand

Pillar Dwelling located in the eastern Sizhai village, was chosen as the reference building to conduct the field

measurements of the indoor illuminance and air temperature. The BAs of the four buildings range within the

intervals of S, N, N-W80 and S-E80 respectively, and the depths of the external corridors mounted on the front

facades, are all approximately 1.6 m through field measurements.

The solar radiation reception and the indoor solar heat gain impact the indoor visual and thermal comfort, and also

impact the energy costs due to the artificial lighting and air conditioning [36]. To this end, the ArchiWIZARD was

used again to compute the three parameters of solar radiation reception, indoor solar heat gain and energy loads of
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artificial lighting and AC in each of the test scenarios, to explore their impact trends. Aiming at verifying the

accuracy of computational results from the ArchiWIZARD, the data were compared with those from the real energy

bills. In addition, coupling the energy load and the daylighting quality, the overall best SDs are recommended and

applied to evaluating the current dwellings in Sizhai. To facilitate understanding the research methods framework, it

is presented in Fig. 6.1

Fig. 6.1 Research methods framework

6.3 Impact of shading depth on SHGC and MSWR based on changes in building azimuth

The SHGCs for various SD-BA combinations can be generated by virtual simulation in software. Regarding the

SWR, it can be obtained by means of two approaches, the equation calculation and the virtual simulation. The

positive points of software computation are convenience and time-saving, so Sketchup 7 was adopted to simulate the

SWRs in this chapter. Because the summer solstice and the winter solstice are usually considered as the

representative days and are used as the design reference data for simulation setting in many papers [37], these two

days were chosen as the date set points in this work as well. Formulating the equations for SWR is the second way to

obtain the desired data. Throughout a whole year, the south facade is covered by the sunlight for the longest period
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of a day precisely during the winter solstice. Therefore, the SWR on this day was calculated to verify the accuracy

and to be compared with the computational results from the simulation tool.

6.3.1 Impact of shading devices with different orientations on SHGCs for windows

It can be seen from Fig. 6.2 that the SHGCs are inversely proportional to the SDs, because the deeper SD can

intercept more solar radiation. Since the northerly oriented windows are covered by sunlight at the early morning and

the end of afternoon in summer, when the solar rays are characterized by low solar altitudes, the SHGCs with the

same SDs at x-axis present a decreasing trend while being rotated from the N to S clockwise and anticlockwise. With

the SDs increasing, the gaps of SHGCs become larger. Furthermore, the inflexion points for the 18 polylines are all

at 0.62 and 1.87 of the x-axis, between which the slopes of polylines are higher in comparison with their edge

segments.

Fig. 6.2 Impact of shading devices with various shading depth and building azimuth combinations on SHGC

6.3.2 Impact of shading devices with different orientations on MSWRs for windows

For the southerly oriented and northerly oriented test scenarios, the SWRs are symmetrical with the south-north

axis at 12 o’clock. For instance, the SWRs for S-E20 and S-W20 are symmetrical at 12 o’clock throughout the year.

Therefore, to get the full picture, simulating the half-circle of BA intervals is enough. In this chapter, the test

scenarios with 10 BAs from N to S clockwise were chosen as the study cases to investigate the impact tendencies of

SD on the SWR. Due to the winter solstice being characterized by the minimal solar azimuth, approximately of 63°
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at sunrise, the facades for N and N-E 20 are covered by no sunlight, which results in only eight sets of data on this

day (Fig. 6.4).

As shown in Fig. 6.3, both the MSWRs on the summer solstice and winter solstice increase with the SDs

increasing. The dispersion of polylines during the summer solstice is greater than that of the winter solstice.

Moreover, the MSWRs on the summer solstice are roughly concave functions, which are characterized by the

decreasing slopes of polylines with the SD increasing. Among the 10 polylines, the MSWRs for S and S-E 20 are

much higher and present more significant fluctuations in comparison with the other 8 BAs, which contribute to their

excellent shading performance for the windows.

During the winter solstice, the MSWRs for northeast orientation present the concave functions, while those for

southeast and south are roughly convex functions (Fig. 6.4). The test scenario with N-E 40 is the closest to the direct

north orientation among the 8 BAs, leading to no sunlight coverage on the facades near noon. Besides, due to the low

solar intensity at the early forenoon, the MSWRs for N-E 40 remain low over this day.

Fig. 6.3 MSWRs on the summer solstice corresponding to the Fig. 6.4 MSWRs on the winter solstice corresponding to the half-

circle of building azimuth intervals half-circle of building azimuth intervals

6.3.3 Equation formulation of shading-to-window ratio

The geometric model facing the direct south was selected to formulate the SWR equations in this chapter, due

largely to the fact that the included angles in relation to the window and the sun are comparatively simple for the

southerly oriented model. With given data of the model details, solar altitudes and solar azimuths, the SWRs can be

calculated. There are two solar shading conditions for the windows illustrated as following:
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6.3.3.1 When H3<H2

According to the trigonometric functions, tangent b2 is formulated as equation (6.1).

tanb2 =
tana2

cos(90°−a4)
= tana2

cos(90°−∣180°−a1∣)
(6.1)

Where, b2 (Fig. 6.5) is the included angle between the vertical projection line of solar radiation on the south wall and

bottom edge of window. The WSR (R1) can be formulated as equation (6.4), based on the equation (6.2) and

equation (6.3).

S1 = L1 × cosc1 ×
tana2

cos∣180°− a1∣
− 1.1 + L1 × sinc1 × (B1 −

L1×cosc1×
tana2

cos∣180°− a1∣
−1.1+L1×sinc1

tana2
cos(90°−∣180°−a1∣)

× 1
2
) (6.2)

S = (B1 × H2) (6.3)

R1 =
S1
S
= L1 × cosc1 ×

tana2
cos∣180°− a1∣

− 1.1 + L1 × sinc1 × (B1 −
L1×cosc1×

tana2
cos∣180°− a1∣

−1.1+L1×sinc1
tana2

cos(90°−∣180°−a1∣)

× 1
2
)/(B1 × H2)

(6.4)

Where, S1 is the shading areas covering the windows, m2; S is the total window area on the first floor, m2.

Fig. 6.5 Schematic 1: windows shaded by the shading device of corridor in traditional dwelling

6.3.3.2 When H3>H2

According the Fig. 6.6, the WSR (R2) can be derived as equation (6.5).

R2 =
S2
S
= (B1 −

H2
tana2

cos(90°−∣180°−a1∣)

× 1
2
)/B1 (6.5)

http://dict.youdao.com/w/horizontal%20projection/
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Where, S2 is the shading areas covered on the windows, m2.

Fig. 6.6 Schematic 2: windows shaded by the shading device corridor in traditional dwelling

6.3.4 Validation of shading-to-window ratio: software versus equation

The time period, taken by software to compute the SWRs for a test scenario facing south, is from 7 a.m. to 5 p.m.,

with set points defined at intervals of 1 hour. The SWRs are kept at 0 for SDs shorter than 1.2 m, due to the winter

solstice presenting lower solar altitudes. Therefore, the SDs ranged from 1.12 m to 2.37 m were chosen as the given

data to calculate the SWRs, which are considered as the baseline in the validation. As shown in Fig. 6.7, the bias

errors between the computational results and the calculation data are very slight, with average percentage of error

between the six sets of data of approximately 1.2%.

Fig. 6.7 Comparison of shading-to-window ratios obtained from simulation tool and equations
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According to Reeves et al. [36] and Maamari et al. [38], the accepted percentage of error between the real data and

the computational results should range in the scope of ±15%, for the data from the simulation tool to be considered

accurate. Therefore, the computational results from Sketchup 7 are of a comparatively high reliability.

6.4 Impact of shading depth on the indoor daylighting and artificial lighting energy

consumption based on changes in building azimuth

The visual comfort of the internal spaces is receiving increasing attention as the environmentally friendly

buildings become popular [39]. Using an appropriate shading device can lead a to reduction in the energy

consumption of artificial lighting, since the illumination levels in rooms are remain within a desirable range, with no

or little glare [40].

Building envelope consists of the opaque and glazing elements, of which the glazing part is the channel allowing

the daylight to penetrate inside. The ArchiWIZARD was used to analyze the solar radiation reception levels on the

windows for the test scenarios, which is the factor that has the major impact on the internal daylighting performance

[28]. Based on the computational results, another piece of software, VELUX Daylight Visualizer 2, was adopted to

analyze the indoor daylighting performances and variation trends. To validate the accuracy of the data from the

VELUX Daylight Visualizer 2, the field measurements of the diurnal indoor illuminance were performed in the

chosen courtyard dwelling. Furthermore, the energy requirements of artificial lighting vary greatly depending on the

indoor illuminance level [41]. To this end, the ArchiWIZARD was adopted again to compute the energy costs for each

of the test scenarios corresponding to different illuminance magnitudes generated by the VELUX Daylight

Visualizer 2.

6.4.1 Impact of shading devices with different orientations on the solar radiation reception levels for windows

Solar radiation reception is a relatively common and simple parameter to estimate the shading performance [42].

The solar radiation consists of direct radiation and diffuse radiation. Although the orbit of the sun is symmetrical

with the north-south axis, the solar radiation magnitude is constantly changing in the sky, which is impacted by the

cloudage, dust level in the air and air humidity, etc. In Sizhai, the total solar radiation levels in the afternoon are

generally larger than that of the forenoon [43].

As presented in Fig. 6.8, the direct radiation reception levels that are indicated by solid lines for south, vary

notably with the BAs. Moreover, the values facing west are generally higher than those facing east. Obviously, the

inflexion points of the polylines for south are at approximately 0.62 of the x-axis, after which the slopes start to
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decrease. In contrast with the test scenarios facing south, the major solar receptions on the windows facing north are

due to diffuse radiation, so the slopes of these lines remain relatively low. In addition, the polylines’ dispersion of

diffuse radiation receptions, indicated by dashed lines, is negligible, which demonstrates that the BA has a negligible

impact on the diffuse radiation receptions for windows.

While comparing the dispersion of polylines for the direct radiation receptions with those of total solar radiation

receptions (Fig. 6.9), both sets of polylines present significant differences as the SDs at low x-axis. Obviously, their

gaps decrease with the SD increasing, which means that the influence of shading devices on these two kinds of solar

radiation reception levels becomes weaker with SDs increasing. In addition, among the 18 test scenarios, the

southwest facing building models gain the highest levels of total solar radiation receptions.

Fig. 6.8 Direct and diffuse radiation receptions for windows Fig. 6.9 Total solar radiation reception for windows

integrated with various shading devices integrated with various shading devices

6.4.2 Impact of shading devices with different orientations on the mean indoor illuminance

To simulate the indoor daylighting performance for the test scenarios, the VELUX Daylight Visualizer 2 was

adopted in this section. The two representative days, both with sunny weather conditions, were assumed to be the

setting parameters in simulation. The reflectance of the wall, the flooring and the ceiling is set at 0.75, 0.60 and 0.65,

respectively.

In VELUX Daylight Visualizer 2, the value of orientation facing directly north is set at 0°. By altering the

orientation value, the BA can be adjusted correspondingly, without the need to rotate the original model.

Furthermore, the mean indoor illuminance can also be simulated at different times, by changing the set point of time.
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Drawing an analogy between Fig. 6.10 and Fig. 6.11, we found that the dispersion of the 18 polylines during

winter is greater compared with summer, thanks to the windows receiving larger shading coverage during summer.

As obvious, the slopes and dispersion of polylines for the south are greater than those for the north in winter, which

is due to the availability of substantial quantity of solar radiation covering the south facade. In contrast, the slopes of

the 18 polylines are generally similar, and their dispersion is small in summer. Considering their common features on

these two days, the dispersion of polylines and the mean indoor illuminance for the 18 BAs are both inversely

proportional to SD. Moreover, the inflexion points of the polylines are both at 0.87 of the x-axis, after which the

mean indoor illuminance levels start to drop dramatically.

Fig. 6.10 Mean indoor illuminance in the test scenarios mounted Fig. 6.11 Mean indoor illuminance in the test scenarios mounted

with various shading devices on the summer solstice with various shading devices on the winter solstice

6.4.3 Validation of illuminance data: simulation tool versus field measurements

The real measurement data are empirical, and are often called as “true data” and considered to be an extremely

powerful validation proof, which could be used to compare with the computational results [44]. In addition, Ryan et al.

[45] suggested that the computational results, generated by the energy simulation tools, need to be compared with the

“true data” to verify their accuracy. Based on the preceding arguments, the data from field measurement conducted

in the chosen courtyard dwelling were compared to the computed data obtained from the software.

According to the weather forecast, the dates selected to carry on the measurements were on July 25th, 2015 and

December 27th, 2015, both with sunny conditions. The measurement period of time lasted from sunrise to sunset at 1

hour increments. The indoor illuminance was recorded by a data logger of Illuminometer (Type 061206363,
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Accuracy: ±3%; Range of the measurement: 1~100000 lux), which was operated at three positions: in a line covered

by the shadow near the window, at the center of the room and near the back wall respectively, at a height of 0.9 m

above ground.

The measurement data, shown in Fig. 6.12, are the average values measured at the three positions. Among the four

sets of data, the percentages of errors in the afternoon are larger than those in the forenoon. Since the climatic feature

of Sizhai is that the solar radiation levels for the second half of the day are generally greater than those during the

first half-day, it leads to the fact that the internal spaces corresponding to S and N presenting higher illuminance

levels during afternoon. Therefore, the measurement data differ from the computational results, where the mean

indoor illuminance for the direct S, direct N, S-E 80 and N-W 80 generated by simulation tool is all symmetrical at

12 o’clock. Taking an average for the 4 sets of data, their mean percentage of error is 7.5%, which is less than 15%,

so the computational results are acceptable.

Fig. 6.12 Comparison of illuminance obtained from simulation tool and field measurements

6.4.4 Impact of shading devices with different orientations on the energy consumption of artificial lighting

Through the questionnaire survey, we found that the wake-up time and the bedtime for occupants are generally at

6:30 a.m. and 22:30 p.m., respectively. When the illuminance in each test scenario is lower than 300 lux, the lighting

system is turned on to compensate the daylight illuminance and to reach the desired value (i.e., 300 lux) on the work

plane (0.9 m above floor). While in fact, not all lamps are in operation during nighttime, but according to occupancy

conditions and lighting demand, a variable quantity of lamps is switched on. Therefore, the parameter settings for the

energy cost of artificial lighting in the simulation also needs to be optimized. The probability of all five suites being
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under the artificially lit conditions at the same time was set at the 80%, and the average quantity of lamps in

operation was set at 1.5 for each suite of the test scenario.

The trends of correlation of lighting demands with increasing SD differ from those of the mean indoor illuminance,

by drawing an analogy between Fig. 6.10, Fig. 6.11 and Fig. 6.13. The energy consumption of artificial lighting

presents decreasing trend, rotated from N to S-W 40 clockwise and anticlockwise for each SD at x-axis. In addition,

all the 18 polylines represent concave functions with a similar slope. In other words, the fluctuation amplitudes of

lighting energy consumption for different BAs are similar, varying by the SD. The dispersion of polylines for north

is smaller than that for south, which means that the lighting energy consumption in buildings facing north is more

sensitive to the changes in BAs. The inflexion point for most polylines is observed at 1.87 of x-axis, after which their

slopes start to increase.

Fig. 6.13 Energy consumption of artificial lighting in the test scenarios mounted with different shading devices

6.5 Impact of shading depth on the indoor temperature and air conditioning energy cost

The depth of shading device is one of driving factors that affects the solar heat gain for internal spaces, as well as

the indoor temperature [28]. The shading device of an appropriate depth not only provides the sufficient shading for

windows in summer, but also allows solar radiation to penetrate into building’s internal spaces. By using the Ecotect

2012, the indoor temperature in each of the test scenarios was computed to research the impact that shading devices

with various SD-BA combinations have on the indoor temperature. Aiming at validating the computational results, a

comparison between air temperatures generated by Ecotect 2012 and obtained from the on-site measurements was
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carried out. Furthermore, the ArchiWIZARD was used to compute the total cooling and heating demands throughout

the year for all the test scenarios, in order to conclude the variation trends of the AC energy consumption according

to the shading device, changes in SDs and BAs.

6.5.1 Impact of shading devices with different orientations on the indoor solar heat gain

As shown in Fig. 6.14, the fluctuation trends of indoor solar heat gain for all the 18 BAs are similar, they decrease

with SD increasing because more solar radiation is blocked by a larger SD. Under the condition of same SDs for

variable BAs, the slopes of polylines present an increasing trend while being rotated from the true N to S-W 40

clockwise and anticlockwise. In other words, the indoor solar heat gains facing south are more susceptible to the SD

variations than those facing north, due largely to windows in the test scenarios orientated towards south receiveing

more solar contributions.

Fig. 6.14 Indoor solar heat gains in the test scenarios mounted with different shading devices

6.5.2 Impact of shading devices with different orientations on the indoor temperature

When the windows are in a closed position (i.e., convection was blocked), there are two ways in which the

outdoor climate impacts indoor temperatures, namely the heat transmission by the temperature difference (i.e., heat

conduction) and solar radiation (i.e., radiation). As the BA changes, a different facade of building will face the sun.

The capacity of a building to receive the solar heat relies greatly on its external components and on the way it

interacts with the sun [44]. Under the condition of walls with the same window-wall ratio, the heat transfer due to

temperature difference between the exterior and interior, for a window facing any direction is almost identical, but
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that by solar radiation varies heavily depending on the BA. Since the sunny weather is related to high intensity of

solar radiation, which leads to consequent indoor temperate fluctuation, “sunshine” was selected as the weather

condition in the simulation. The mean diurnal indoor temperature generated by Ecotect 2012 is adopted as the

evaluation parameter to analyze the indoor thermal performances for each of the test scenarios. The summer solstice

and winter solstice, when the sun is in the highest and lowest positions of sky, were used as the study dates for

simulation in the software. The mean diurnal outdoor temperatures on these two days were 32.0 ℃ and 18.33 ℃

respectively, according to the simulation results.

Fig. 6.15 Mean diurnal indoor temperatures the in the test scenarios Fig. 6.16 Mean diurnal indoor temperatures the in the test scenarios

mounted with various shading devices on the summer solstice mounted with various shading devices on the winter solstice

As shown in Fig. 6.15, the mean diurnal indoor temperatures for the southwest orientation are higher than those of

the other BAs in summer. While in winter, the mean diurnal indoor temperatures for south are comparatively higher

in comparison with those for north (Fig. 6.16). Regarding the slope, the mean diurnal indoor temperatures in summer

are more sensitive to the variations in SD than those in winter, with a variation amplitude of over 3 ℃ correlated to

SD increase from 0.12 m to 2.37 m. The 18 polylines in Fig. 6.15, with similar negative slopes of about -1.5, have no

obvious inflexion point. In contrast, the polylines in Fig. 6.16 there is a clear inflexion point at 0.87 of the x-axis,

after which the slopes start to increase, approximately at a rate of -0.3. Because the slopes of mean diurnal indoor

temperatures for 18 BAs in both summer and winter are very similar, the polylines are aligned in parallel bands as

shown in Fig. 6.15 and Fig.6.16. Whereas, the dispersion of polylines in summer is lower than that in winter, due

largely to the higher solar altitudes in summer leading to higher SWRs.
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6.5.3 Validation of air temperature data: simulation tool versus in-situ measurements

The on-site measurements of indoor temperature were performed in the chosen courtyard dwelling, and a point

outside the buildings was selected to conduct the outdoor temperature measurement. According to the weather

forecast, both days selected to perform the measurements (which were on July 25th, 2015 and December 27th, 2015)

presented sunny conditions. The outdoor air temperatures on the two measurement days, ranged from 26~36 ℃ and

2 ~12 ℃, and are both consistent with the set points in the simulation for the summer solstice and winter solstice,

respectively. The measurement time period lasted from the sunrise to the sunset, at 1 hour increments. The air

temperatures were recorded by a data logger of Hygrothermograph (Type 20100117, Accuracy of temperature

measurement: ±1 ℃; Range of the temperature measurement: -10 ℃~50 ℃), which operated at a height of 0.9 m

above the floor/ground, and was placed in the shaded spaces of both the interiors and the exterior.

After modeling the same building geometry as the chosen courtyard dwelling in the Ecotect 2012, the indoor

temperatures were computed for the south-facing and north-facing buildings on the summer solstice and on winter

solstice, respectively. As shown in Fig. 6.17, the six sets of data are all reasonably fitting, whose average percentage

of error is about 6.5%, less than 15%.

Fig. 6.17 Comparison of air temperatures obtained from the simulation tool and real measurements

6.5.4 Impact of shading devices with different orientations on the energy consumption of air conditioning

During AC in operation, its action-points of heating and cooling temperatures should be controlled in appropriate

scopes. The optimum scopes of AC action-points range from 26 ℃ to 28 ℃ during summer and from 18 ℃ to 20 ℃

during winter [46]. According to the recommended AC action-points and taking into consideration the habit of

temperature setting for AC by the occupants, the AC action-points were set at 27 ℃ and 18 ℃ in the simulation for



140

space heating and cooling, respectively. Furthermore, because the active system used for both cooling during

summer and heating during winter for the internal spaces is AC in East and Central China, the electricity from power

grid was chosen as the energy supply source in the simulation throughout the whole year. Considering the air-

conditioned conditions and the occupancy schedules for various rooms, the setting parameters in the simulation need

to be adjusted.

Since generally only bedrooms are equipped with AC in the Sizhai traditional dwellings, whose building area

accounts for, approximately, a 33% of a suite, the air-conditioned building area of the middle suite was set at 13.2 m2

and that of the other four were all set at 7.99 m2. Due to each suite being occupied by a small family with an average

of two or three people, the population density of the bedroom was set at 0.221 in the simulation. Simultaneously, the

probability of all five suites being simultaneously air-conditioned was set at 80%. In addition, the schedule assigned

to run the AC in the test scenarios during weekdays is 7 hours daily, beginning at 22:00 p.m. and ending at 5:00 a.m.

of the next day, accounting for a 29.17% of the whole day. Since the air temperatures are comparatively low during

the forenoon in summer and the occupants’ daily schedule is postponed in winter, the time of AC functioning during

weekends was set at 15 hours daily, from 14:00 p.m. to 5:00 a.m. of the next day, accounting for 62.5% of the whole

day.

It can be deduced from Fig. 6.18 that the energy consumption for the space heating in winter is lower than that for

space cooling in summer, due to the dwellings in Sizhai belonging to the cooling-load dominated buildings. This

reason also leads to the fact that the polylines’ dispersion for heating energy consumption is smaller than that for the

cooling energy consumption. Furthermore, the variations in heating consumption for the north orientation are

comparatively less dependent on the SD variations, due largely to no interaction with the sun.

For the cooling loads, as shown in Fig. 6.19, most of the polylines fit the characteristics of a convex function,

unlike the heating loads. The slopes of polylines depicting cooling energy consumption show a decreasing trend

from the southwest to the north clockwise and anticlockwise, while those for the heating requirements present an

opposite increasing trend. The dispersion of the 18 polylines corresponding to the cooling loads, the heating loads

and the total energy consumption (Fig. 6.20), are all inversely proportional to SD, which means that the impact of

BA on the energy consumption diminishes with the SD increasing. Among the 18 polylines in Fig. 20, the test

scenario with N-W 80 presents the most dramatic variation in the total energy consumption, of about 198.42

kW·h/an. Inversely, the alternative with the slightest variation can be observed for the scenario facing S, about

105.71 kW·h/an.
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Fig. 6.18 Heating energy consumption in the test scenarios Fig. 6.19 Cooling energy consumption in the test scenarios

mounted with different shading devices mounted with different shading devices

Fig. 6.20 Energy consumption of air conditioning in the test scenarios mounted with different shading devices

6.6 Total energy consumption including artificial lighting and air conditioning

The shading device can reduce the indoor solar heat gain contributing to the reduction in the cooling load.

However, it can also lead to some negative effects in terms of the visual discomfort and insufficient solar heat gain in

winter, which in turn results in an increase of the heating consumption. Therefore, the optimal SD for each BA needs

to be investigated critically and carefully.
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By summing up both the artificial lighting and AC demands, the total energy consumption in buildings can be

calculated. As shown in Fig. 6.21, the total energy costs in the northerly oriented buildings are generally higher than

those in the southerly oriented buildings. In addition, the energy costs in most of the south facing buildings present

concave functions, while those in most of the north facing buildings present convex functions. The energy cost for S-

W 80 is the most sensitive to changes in SD (which ranges from 0.12 to 2.37), with an increase in amplitude of

approximately 155 kW·h/an. In contrast, the minimal fluctuation in total energy cost occurs in the test scenario with

N, about 63 kW·h/an. With the change in BA, a different projected area of facade is orthogonal to the sun’s radiation.

Due to the shadow being cast by the south facing shading devices for a longer period in summer, as well as to

availability of larger amount of solar radiation penetrating the southerly oriented windows, the values and variation

amplitudes for S, S-E20, S-E40 and S-W 2 are comparatively low.

The building energy requirements for seven BA intervals from S-W 40 to N-W 20 are more susceptible to the SD

in comparison with the others. As obvious, the inflexion points of polylines for S and S-E 20 are 1.46 m and 1.72 m

respectively, and that for S-E 40, S-E 60, S-E 80, S-W 20 and S-W 40 are all at 2.24 m, after that point their energy

consumption starts to increase. In addition, the optimal SDs in terms of the energy consumption recommended for

the other 11 BAs are all at 2.37 m.

Fig. 6.21 Total energy consumption in the test scenarios mounted with various shading devices
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6.7 Validation of the energy consumption data: simulation tool versus real bills

6.7.1 Energy consumption in the real traditional dwellings obtained from bills

Real energy bills are empirical, also often called “true data” and are regarded as an extremely powerful validation

proof [44]. With this in mind, the total annual electricity consumed by the artificial lighting and AC, which is

generated by simulation tool, is compared to that from the real electricity consumption bills to verify the

computational accuracy in this chapter. Because the building model type with five suites was chosen in the

simulation, the mean electricity consumption for each suite was calculated as one fifth of the total annual electricity

use. There are two selection criteria for choosing the real bills from reference suites: (1) the reference suite should be

equipped with AC and lighting fixtures; (2) the building area of the reference suite should be around 30 m2 for fair

comparison with the suite in the test scenario. Complying with these two conditions, the existing energy bills from

four real suites (Fig. 22, Table 6.1) are selected as the “true data”, of which two are within S interval and the other

two are within N interval. The domestic electrical appliances and details of the four reference suites are listed in

Table 6.2. The ETAAEC (the total annual actual electricity consumption, kW·h) including the artificial lighting and AC

can be formulated as equation (6.6).

ETAAEC = ET − EO (6.6)

Where, ET is the total annual actual electricity consumption including the all domestic electrical appliances, kW·h;

EO is the total annual actual electricity consumption of the all domestic electrical appliances except for the artificial

lighting and AC, kW·h. In accordance with the time in operation and the quantity of domestic electrical appliances,

the EO can be calculated and listed in Table 6.3.

Fig. 6.22 Positions of four reference buildings in Sizhai village
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Table 6.1 Four reference suites in Sizhai chosen to collect the real energy bills

BA Within S interval Within N interval
SD 0.36 m 1.33 m 0.38 m 1.34 m

D
ia
gr
am

Table 6.2 List of domestic electrical appliances and details of the four reference suites

Domestic electrical appliance EC WM EV EK Com T R Cal
Power (w) 500 210 50 800 200 100 100 1500
Operation period Whole yearWhole year JO Whole yearWhole yearWhole yearWhole year NANY

Use frequency per day during workday 1 1 1 1 1 1 1 1

Use frequency per day during weekend 2 1 2 3 3 3 1 1
Operation duration for each time (h) 0.33 0.3 6 0.17 2 2 24 1

Electricity cost per month (kW·h) 6.27 1.89 9 4.08 12 6 12 45
Annual electricity cost (kW·h) 75.24 22.68 46.29 48.96 144 72 144 270
Suite 1-S
(28.56 m2)

Appliance ● ● ● ● ● ● ● ●
EO (kW·h) 823.17

Suite 2-S
(33.87 m2)

Appliance ● ● ● ● ● ●
EO (kW·h) 656.49

Suite 1-N
(30.53 m2)

Appliance ● ● ● ● ● ● ● ●
EO (kW·h) 823.17

Suite 2-N
(32.01 m2)

Appliance ● ● ● ● ● ● ●
EO (kW·h) 679.17

Notes: 1. ● presents the suite equipped with the given domestic electrical appliance; 2. EC: Electrical Cooker; WM: Washing Machine;

EV: Electrical Ventilator; EK: Electrical Kettle; Com: Computer; T: Television; R: Refrigerator; Cal: Calorifier. Whole year: WY; JO:

from June to October; NANY: from November to April of next year.

Table 6.3 Total actual annual electricity consumption of 2014 and 2015 in the four reference suites

Designation ET of 2015 (kW·h) ET of 2016 (kW·h) ETAAEC of 2015 (kW·h) ETAAEC of 2016 (kW·h)
S-House 1 1079.40 1071.73 256.23 248.56

S-House 2 918.20 909.27 261.71 252.78
N-House 1 1102.59 1096.08 279.42 272.91
N-House 2 968.15 948.04 288.98 268.87

The ETs in the four reference suites throughout 2014 and 2015 are obtained from the monthly electricity

consumption bills stored by homeowners. Using equation (6.6), the ETAAECs are calculated and listed in Table 6.3. In

2014, the mean air temperature of January was 6.5℃, and that of three summer months, including June, July and
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August, was 28.7 ℃. As for 2015, the corresponding mean air temperatures were 6 ℃ and 28.3 ℃, respectively.

Because the mean temperature in summer of 2014 was higher than that of 2015, the electricity consumption of 2014

was also higher than in 2015 in the four reference suites.

6.7.2 Comparison of total energy consumption obtained from simulation tool and bills

The total annual electricity consumption in S-House 1, S-House 2, N-House 1 and N-House 2 generated by the

software is 284.74, 276.46, 303.15 and 294.29 kW·h, respectively. By drawing a comparison between the electricity

consumption obtained from the simulation tool and from the real bills, the percentage of bias error for the eight sets

of data on average is equivalent to 0.08, and the details are depicted in Fig. 6.23.

Fig. 6.23 Comparison of the total annual electricity use obtained from simulation tool and real bills

The possible sources of bias error which can impact the computational results are important to highlight: (1) It is

difficult to precisely measure the BA for real dwellings, therefore the BAs used to conduct the simulation test in

software cannot accurately represent the actual BAs for dwellings. (2) A substantial quantity of assumptions were

made in software computation. The U-values of fabrics and materials used in the actual buildings may be not

consistent with the assumed value adopted in the software. (3) Software simulation estimates the amount of energy

consumption based on a fixed schedule, but the real conditions of occupancy times may differ from day to day

throughout a year. (4) The accuracy of computational results may be correlated to human behavior. As stated by

Ryan and Sanquist [45], the occupant behaviors are the common cause leading to bias errors in the energy simulations,

since they are highly variable, resulting in being almost impossible to model them accurately. Besides, the life-style

and behavior of each occupant is different, but the set points in the simulation are the same for each of the test

scenario, which may also cause bias errors. (5) Weather data is another factor that influences the accuracy of

computational results. The meteorological data used in simulation are collected from the whole Shaoxing city, but
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the case study in the mountainous area is easily influenced by a local micro-climatic environment, which may cause

bias errors for the computational results. (6) Some simplifications in the geometric model may be another source of

bias error for the computational results, because the real dwellings in Sizhai are surrounded by mountains and

vegetation, which influences the intensity of solar radiation covering the walls.

6.8 Optimal shading depths recommended for the 18 building azimuth intervals based on the

energy consumption and Daylighting Standard

6.8.1 Daylight factor corresponding to 10 shading depths

Levels for daylighting are generally described as preferred or recommended, either by specific illuminance (lux)

levels on a workplane or by daylight factor (DF). For evaluation of the quantity of indoor illumination inside a room,

daylight factor is the most recognized performance indicator used at present. The Chinese Standard for Daylighting

Design of Buildings (GB 50033-2013) is recommended that the mean daylight factor in bedroom, living room and

kitchen should be above 2%, or the mean illuminance in these rooms should be higher than 300 lux on the work

plane for the building design.

In Ecotect, the most basic data for lighting calculations is the daylight factor, and all other parameters (e.g.,

illuminance) are obtained applying calculations based on the daylight factor. Therefore, the evaluation parameter of

daylight factor was used to estimate the indoor daylighting performances for each of the test scenarios.

Fig. 6.24 Daylight factor for directly south (S) based on changes in shading depth



147

According to the Standard, the daylight climate of Sizhai is located in the fourth zone, where the natural

illuminance of overcast sky is assigned to be of 13500 lux. The overcast weather is characterized by a uniform and

stable diffuse radiation in the sky, which leads to the indoor daylighting performances corresponding to different

orientations to be very similar. In this chapter, the test scenario with S was chosen as the case study. As shown in Fig.

6.24, the all shading depths are satisfied to the Standard.

6.8.2 Recommendation of the optimal shading depth to each building azimuth interval

The optimal SDs for each BA is summarized in the Fig. 6.25, based on the criteria of the total building energy

cost and the daylight factor. Due largely to Sizhai experiencing the long summer with high air temperatures, the

optimal SDs recommended for each of the test scenarios are relatively large. Obviously, the optimal SDs for S and S-

E 20 are 1.46 m and 1.72 m respectively, and those for S-E 40, S-E 60, S-E 80, S-W 20 and S-W 40 are all 2.24 m,

as well as those for the other 11 BAs are all 2.50 m.

Fig. 6.25 Recommendation of the optimum shading depth to each building azimuth interval

6.9 Application of the research results

6.9.1 Definition of evaluation score of shading depth

To apply the research results, the Evaluation Score of Shading Depth (ESSD) was put forward in this work.

According to the recommendation of the optimum SDs to the buildings with various BAs, the ESSD is defined as

that it is used to assess the optimum level of a SD applied to building facing a certain direction by the value of score.

The ESSDs assigned to the SD interval close to its optimal values for each BA are assumed to be 1. Furthermore, the
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ESSDs assigned to the other SD intervals present descending trends at 0.1 increments, with values set apart from its

optimum depicted in Fig. 6.26.

Regarding dwellings consisting of some stand-alone buildings, the equation (6.7) is formulated to calculate the

average ESSD (Sa) for them.

Sa = (SD × ESSD)/ SD�� (6.7)

The construction approach of traditional dwellings in East and Central China complies with the professional

standard of Ying Zao Fa Yuan, which leads to the components used in dwellings to be characterized by the

modularization. Thus, the tilt angle, the shading type, window height above the floor, and window dimensions are

very similar, and the ESSD is assumed to be suitable for each building in Sizhai village.

Fig. 6.26 Evaluation score of shading depth assigned to the 9 shading

depth intervals corresponding to 18 building azimuths

6.9.2 Application of the evaluation score of shading depth to three courtyard dwellings

As shown in Table 6.4, three traditional dwellings in Sizhai are selected to estimate their ESSDs, in which the

courtyard dwelling of Fa xiang ju (Fig. 6.27) is considered as the baseline case. The other two, case 1 (Shang xin ju)

and case 2 (Xia men qian fan), within the same and with different BA comparing to the baseline case respectively,

are chosen as the target buildings. The courtyard dwelling has comparatively complicated configuration, which

results in the complex calculation of its ESSD. Therefore the building type of courtyard dwelling was chosen to

conduct the calculation of ESSD for fully explanation.
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Fig. 6.27 Three dwellings selected to assess their building energy saving potentials by the evaluation score of shading depth

The configurations of these three buildings with courtyard are quite complex, in order to explain the comparison

procedures in detail. By using equation (6.7), the ESSDs of the three chosen dwellings are calculated, which are 0.77,

0.81 and 0.88 for the baseline case, the case 1 and the case 2, respectively. Thus, the dwelling with the highest

energy saving potential is deemed to be the case 2, based on the evaluation parameter of SD. By repeating the

previous procedures, the ESSD of each dwelling in the village can be obtained.

Table 6.4 Evaluation score of shading depths calculated for the three study dwellings

D Fa xiang ju (Base case) Shang xin ju (Case 1) Xia men qian fan (Case 2)

R
em

ot
e
se
ns
in
g
im
ag
es
in
G
.E
.

BA SE-20 SE-20 (the same with base case) NW-60 (differing from base case)

SD
sf
or
th
re
e
bu
ild
in
gs

ES 0.77 0.81 0.88

Notes: 1. D represents designation; 2. ES represents ESSD.
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6.10 Finding and discussion

This chapter focuses on the impacts of shading devices with different depths based on changes in building

azimuths on the performances of indoor daylighting and air temperatures, as well as on building energy loads in the

traditional dwellings. Taking into consideration the combinations of different shading depths and building azimuths,

there are 180 test scenarios being simulated in several pieces of software. The evaluation parameters of the solar heat

gain coefficient and mean shading-to-window ratio are used to assess the shading performances of shading devices

by varying the building azimuth. Furthermore, the energy costs of artificial lighting and air conditioning were

computed for each of the test scenarios.

(1) The solar heat gain coefficients are all inversely proportional to the shading devices length, and present a

decreasing trend while being rotated from the S to N clockwise and anticlockwise if we maintain the same shading

device depth.

(2) The mean shading-to-window ratios on both the summer solstice and on winter solstice increase with the

shading depth increasing. On the summer solstice, the mean shading-to-window ratios for S and S-E 20 present

larger fluctuations in comparison with the other alternatives.

(3) The annual reception amounts of direct radiation for south vary significantly with the building azimuth. In

contrast, the dispersion of polylines for the diffuse radiation reception, is negligible. Regarding the total solar

radiation reception, its correlation with shading depths increases is similar to that of the direct radiation reception.

(4) The dispersion of polylines and the mean indoor illuminance for the 18 building azimuths on the summer

solstice and the on the winter solstice are both inversely proportional to shading depths. As for the differences, their

dispersion of polylines in winter is greater than in summer, while the slopes of polylines in winter are lower than in

summer.

(5) For a given shading device, the energy loads of artificial lighting present a descending trend while being

rotated from the N to S-W 40 clockwise and anticlockwise. In addition, the 18 polylines are all presented the

concave functions with a similar slope. The inflexion points for the most of polylines are at 1.87 of x-axis, after

which the slopes of polylines start to become large.

(6) Under the condition of windows with the same shading devices, the slopes of polylines for the internal solar

heat gains present an increasing trend while being rotated from the N to S-W 40 clockwise and anticlockwise. The

internal solar heat gains for the 18 building azimuths are all the inversely proportional to shading depths. Thus, the

longer shading depth contributes to more desirable thermal comfort in rooms.
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(7) The mean diurnal indoor temperatures in the test scenarios for south and north are both generally lower than

those for east and west during summer. In winter, the mean diurnal indoor temperatures in the test scenarios for

south and southwest are comparatively high, and those for northeast are relatively low.

(8) The dispersion of the 18 polylines for the cooling loads, heating loads and the total energy consumption are all

inversely proportional to the shading depth. Among the 18 polylines, the test scenario with N-W 80 presents the

most dramatic variation in the total energy consumption, and the alternative with the slightest variation can be

observed in the scenario facing N-E 20.

(9) The shading depths leading to the minimal total energy costs for S and S-E 20 are 1.37 m and 1.62 m respectively,

and that for S-E 40, S-E 60, S-E 80, S-W 20 and S-W 40 are all 2.12 m. In addition, the optimum SDs recommended

for the other 11 BAs are all 2.37 m.

To apply the research results, the Evaluation Score of Shading Depth was put forward in this work. Three

traditional dwellings in Sizhai were selected to estimate their Evaluation Score of Shading Depths. Based on the

calculated results, the dwelling with the highest energy saving potential was observed for the case 2. By repeating

the previous procedures, the ESSD of each dwelling in the village can be obtained.
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Chapter 7

Impact of windows with various window-to-wall ratio and building

azimuth combinations on the energy consumption
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7.1 Introduction

7.1.1 Motivation

Indoor environmental quality (IEQ) is an important factor that impacts occupants’ comfort and well-being [1]. To

compensate the interiors’ lighting, approximately 19% of electricity is consumed by the artificial lighting worldwide,

which accounts for 2.4% of the total primary electricity consumption [2]. For adjusting the indoor temperature, the

Air Conditioners (AC) used to remain internal spaces cool or warm are responsible for about 40% of the global

building energy consumption [3].

The summation of building area in terms of the all rural residences in China is roughly 24 billion m2, accounting

for over 60% of the national total [4]. Building energy is primarily consumed for heating, cooling, lighting, cooking,

and domestic appliance utilizing in the rural residences, of which ACs (inclusion of heating and cooling) consume

approximately 20% of the total building energy use in China [5]. Regarding the energy cost of artificial lighting, it is

responsible for 7~8% [5]. Taking into account the energy consumption of electric ventilator and humidifier, etc., the

energy used for enhancing the indoor thermal and visual comforts accounts for approximately 30% of the national

building energy consumption [6].

To address these issues, many researches have focused on how to create the energy efficient building with high

comfort level by means of the passive strategy [7], suitable building material [8], smart building automation system [9],

advanced building information technology [10]. The indoor thermal and visual comforts are greatly related to the

magnitude of solar radiation passing through the transparent parts of building [11]. Solar heat gain can improve the

thermal comfort level in the internal space during cold months, which contributing to reduction in heating demand.

Moreover, using the passive strategy of natural daylighting not only achieves the building energy saving, but

contributes to improvement in the productivity and visual comfort for occupants [12]. However, design of buildings

with thermal and visual comforts requires the analysis of building components. The control of glazing proportion for

the facade is a technique, aiming at allowing a proper amount of solar radiation and airflow penetrating into the

buildings. As obvious, WWR has a significant influence on the indoor daylighting and air temperature, and affects

the building energy consumption [13]. Additionally, the fenestration system possesses a function of offering the

exterior view [14]. However, building integrated with a large glazing will results in some side effects, such as increase

in the energy load for space cooling during summer and reduction in the insulation property of envelope [15]. Besides,

window is usually regarded as the main passage for heat loss during winter, since its heat transfer coefficient is

relatively high in comparison to the other building components under interaction with the exterior, such as roof and

external wall [16]. Therefore, the fenestration system needs to be designed in well-dimensioned conditions, in order to
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provide a comfortable external view, as well as enhance the building energy efficiency. Furthermore, the WWR is

determined in the first stage of architecture design based on an energy-wise approach usually, which is so important

that this selection needs to be made carefully.

7.1.2 Scientific originality

Since the building orientation determination for the traditional dwelling complies with the rule of “adaptation to

building site conditions” in East and Central China, the BAs vary considerably depending on the building site. The

present research mainly focuses on the impacts that the windows facing a limited quantity of orientations or based on

changes in WWR at large increments have on the energy consumption and indoor daylighting performances, while

few studies are on the basis of the multiple combinations of WWR and orientation [17-18]. What’s more, the related

researches, in particular with regards to the impact of window on the energy consumption, have often been neglected

to get carried out in the traditional buildings up to now [19].

Based upon the afore-mentioned discussion, the originality of this study is to estimate the performances of solar

energy management for windows installed in the traditional dwellings located in the research region og this work,

which experiences the harshly hot climates over a long period of time. Rather than focus on the performances of

scarce evaluation parameters, the solar heat gain, solar radiation reception, indoor daylighting and thermal conditions,

as well as energy behaviors were analyzed step by step. After coupling the windows based on changes in WWR with

the diverse Building Azimuths (BA) in the test scenarios, the total energy consumption including artificial lighting

and AC is proven to vary under reasonable assumptions. Then the proposed models of windows with various WWR-

BA combinations can be used to explore the optimum glazing ratios for various BAs, in consideration of the energy

consumption and indoor satisfactory comfort conditions. Also, the proposed WWR-BA combinations can be

regarded as a new method to determine the best final designs of WWRs for the traditional dwellings with different

building orientations. Furthermore, an evaluation criterion based on the energy saving potential and visual comfort

was proposed. Then it was used to assess the energy saving potentials of three given specific dwellings to prove the

applicability of the proposed evaluation parameter for the existing residences.

On the other hand, until very recently, extensive attention, in terms of the energy behavior impacted by WWR, has

been given to the contemporary buildings, rather than the traditional buildings. Therefore, the traditional dwellings

that were adopted as case studies in this chapter, can supply some new body of knowledge on the WWR, to fill in the

gap in this field. The research methodology can be used in any country to explore the optimum WWRs for various

building orientations, by using the corresponding geometric model and local climate data instead of the original ones

used in simulation.
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7.1.3 Research purpose

In this chapter, a small-sized traditional dwelling was taken as study building, situated in the Sizhai village, Zhuji

city, Zhejiang Province, China. Since the thermal and visual comfort levels in the internal spaces can be enhanced by

choosing appropriate WWRs [20], this study aims at providing some advice on WWR decision to both newly-built

construction and retrofit of rural residences in the hot summer and cold winter climate zone of China. Moreover, the

optimization of WWRs corresponding to different building orientations in this work was discussed in order to

achieve a deeper energy saving.

7.2 Research process and research flow

Simulate the Building models with different BA-WWR combinations, giving a total of 162 simulation runs. The

evaluation parameters of solar heat gain, air temperature, solar radiation reception, visual comfort rate and energy

consumption were employed to evaluate the effects of WWR variations on the indoor environments and energy

requirements in the test scenarios facing different orientations.

The ArchiWIZARD is a piece of building energy assessment software integrated with the Energy Plus plug-in,

especially worked for the BIM models [21]. As obvious, the solar heat gain and solar radiation reception will

influence the indoor air temperatures and illuminance, respectively [22]. To this end, the ArchiWIZARD integrated

with the Energy Plus in-plug, characterized by time saving during running, is suitable to be adopted in this work.

Besides, the other two simulation tools of VELUX Daylight Visualizer 2 and Ecotect 2012 were used in this work.

The VELUX Daylight Visualizer 2 [23] is a professional lighting simulation tool for the analysis of daylight

conditions in buildings, which was used to analyze the visual comfort rate in each of the test scenarios in this work.

Besides, the Ecotect 2012 [24] is a piece of whole building simulation tool, which can be used to predict the thermal,

acoustic and visual performances in buildings. The thermal performance analysis method in this tool based on the

Chartered Institution of Building Services Engineers (CIBSE) is fitted to perform indoor air temperature simulation

in this chapter. Since the indoor illuminance and air temperature can impact the energy demands of artificial lighting

and AC [25], to research their correlations, the software of ArchiWIZARD (version 3.1.1) was adopted.

Aiming at verifying the accuracy of computational results from the ArchiWIZARD, the data were compared with

those from the real energy bills. In addition, combining the total energy consumption (including AC and lighting)

with the daylighting quality, the compromised WWRs are recommended for each BA. In addition, an evaluation

parameter of Evaluation Score of Window-to-Wall Ratio (ESWWR) was proposed to evaluate the energy saving



159

potential of current dwellings in Sizhai. To facilitate understanding the research methods framework, it is presented

in Fig. 7.1.

Fig. 7.1 Research methods framework

7.3 Impact of window-to-wall ratio on the indoor temperature and air conditioning energy

consumption based on changes in building azimuths

WWR is a driving factor that affects the solar heat gain of internal space, as well as indoor temperature [26].

Furthermore, WWR is an important variable affecting energy performance in a building, such as, the building’s

heating, cooling, and lighting, as well as relating it to the natural environments. On the contrary, the window is the

important factor resulting in the indoor energy leak, due to with high heat transmission.

By using the Ecotect 2012, the indoor temperatures in each of the test scenarios were simulated, respectively.

Furthermore, the ArchiWIZARD was adopted to compute the cooling and heating loads, as well as the total energy

consumption of space heating and space cooling (i.e., the energy consumption of AC, due to both space heating and

space cooling achieved by AC in East and Central China) throughout the year, in order to conclude the impact rules

of windows with different WWR-BA combinations on the energy consumption of AC.



160

7.3.1 Energy Differences between solar heat gains and indoor heat losses passing through windows with

different window-to-wall ratio and building azimuth combinations

7.3.1.1 Energy differences between solar heat gains and indoor heat losses in winter

The solar heat gain of internal space is mainly yielded from the solar radiation penetrating glass, resulting in the

change trends and rules of solar heat gains for all BAs, with increasing WWR, to be similar. As shown in Fig. 7.2,

the total solar heat gains for 18 BAs in winter (i.e., January) are all directly proportional to the increase in WWRs,

because a greater WWR leads to the room obtaining more solar contribution. The slopes of polylines present

increasing trend rotated from the N to S-W 20 clockwise and anticlockwise (see cycle legend in Fig. 7.2). In other

words, the solar heat gains at a series of south orientations are more susceptible to the WWR variations than those

for north, which could be a result of availability of solar radiation, covering the windows of test scenarios facing

south, for a longer period than those facing north. The polylines’ dispersion of solar heat gains exists slight

differences, as the values at x-axis are low. With WWR increasing, the dispersion increases gradually, which means

that the impact of BA on solar heat gain shows strong dependency on the increase of glazing area.

Fig. 7.2 Solar heat gains and indoor heat losses passing Fig. 7.3 Energy differences between solar heat gains and indoor

through windows in winter heat losses passing through windows in winter

In contrast, glazing is particularly leading to large heat loss in a building, since it is characterized by

comparatively less thickness, as well as high heat transfer coefficient and air leakage (infiltration), compared to wall

[15]. As shown in Fig. 7.2, the total indoor heat losses passing through windows for the 18 BAs in January are all

directly proportional to the WWRs. In comparison to magnitude of solar heat gain, the values of indoor heat losses
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are comparatively low, which is helpful for maintaining the indoor temperatures stable in winter. The energy

differences between solar heat gain and indoor heat loss passing through windows are shown in Fig. 7.3. The

polylines’ distribution characteristics of energy difference in January are consistent to those of solar heat gain.

7.3.1.2 Energy differences between solar heat gains and indoor heat losses in summer

As shown in Fig. 7.4, the total solar heat gains for the 18 test scenarios in summer (i.e., from June to August) are

all directly proportional to the WWRs increasing. Although the orbit of sun is symmetrical with north-south axis,

solar radiation level is constantly changing in the sky, which is impacted by the cloudage, dust level in air and air

humidity, etc. In Sizhai, the total solar radiation level for the second half day during one year is generally greater

than that for the first half day throughout the year [27]. The slopes of polylines show increasing trend rotated from the

N to S-W 80 clockwise and anticlockwise, which means that the internal solar heat gains at a series of east

orientations are less than west orientations.

Fig. 7.4 Solar heat gains and indoor heat losses Fig. 7.5 Energy differences between solar heat gains and indoor

passing through windows in summer heat losses passing through windows in summer

In comparison with winter (Fig. 7.3), the magnitudes of energy differences between solar heat gains and indoor

heat losses passing through windows in summer (Fig. 7.5) are much greater. Furthermore, it can be seen from Fig.

7.5 that the polylines’ dispersion of energy differences, between solar heat gain and indoor heat loss passing through

windows, increases when the WWR grows. Furthermore, the energy differences are very close to the solar heat gains

in each of the test scenarios, due largely to the heat losses with relatively low magnitudes compared to solar

contributions.
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7.3.2 Impact of windows with different window-to-wall ratio and building azimuth combinations on the mean

indoor temperatures

When the windows are in a closed condition (i.e., heat convection is blocked), there are two ways that the outdoor

climate impacts indoor temperatures, namely the heat transmission by the temperature difference (i.e., heat

conduction) and solar radiation (i.e., heat radiation). As the BA is changed, a different facade will face the sun. The

capacity of a building to receive the solar heat relies heavily on the glazing system and the way interacting with the

sun [28]. Under the condition of walls with the same WWR, the heat transfer due to temperature difference between

the exterior and interior, for a window facing any direction is almost identical, but that by solar radiation varies

greatly depending on the BA.

The mean indoor temperatures during winter (i.e., January) and summer (i.e., from June to August) generated by

Ecotect 2012 are adopted as evaluation parameter to assess the indoor thermal performances for each of the test

scenarios. The mean outdoor temperatures in these two periods of time were 5.13 ℃ and 30.34℃ from simulation,

respectively.

7.3.2.1 Mean indoor temperature in each of the test scenarios during winter

As shown in Fig. 7.6, a similar variation tendency is observed for the mean indoor temperatures in comparison to

the solar heat gains, because the solar contribution is a driving factor that keeps the indoor space warm in winter.

The slopes of polylines present increasing trend rotated from the N to S-W 80 clockwise and anticlockwise, of which

the slopes of polylines for south are greater than those for north.

Fig. 7.6 Mean indoor temperatures for windows with different window-to-wall ratio and building azimuth combinations in winter
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The mean indoor temperatures in southerly oriented test scenarios are generally greater than those in northerly

oriented alternatives, thanks to the north facades without any availability of solar coverage in winter. Moreover, both

the indoor temperatures and polylines’ dispersion for south monotonically increase with WWR increasing, while

those for north are kept relatively stable. With regard to 0.1 of WWR, the maximum difference of mean temperature

between S-W 20 and N is negligible (0.9℃), but the value increases to 5.6℃ at 0.9 of x-axis.

7.3.2.2 Mean indoor temperature in each of the test scenarios during summer

By drawing an analogy between Fig. 7.6 with Fig. 7.7, the maximum differences of mean indoor temperatures

between S-W 80 and N in summer at 0.1 and 0.9 of x-axis are 0.5 ℃ and 3.1 ℃ respectively, both lower than those

in winter. This is primarily because that the solar shading performance of roof eave is more outstanding in summer

featured by high solar altitudes, which is helpful for intercepting the solar radiation effectively.

The mean indoor temperatures for west are higher than east, due to the period of time for afternoon with higher

solar radiation levels in Sizhai. Thanks to existing a wider-ranging outdoor temperature difference in summer, the

variation amplitudes of mean indoor temperatures (7 ℃ on average for the 18 BAs) by varying WWR from 0.1 to

0.9 are larger in comparison to winter (3 ℃ on average for the 18 BAs), regardless of BAs. In other words, the mean

indoor temperatures are more sensitive to variations in WWR during summer. Furthermore, the mean indoor

temperatures directly proportional to the WWR, since greater glazed area in the wall can allow more solar radiation

to penetrate into the internal spaces.

Fig. 7.7 Mean indoor temperatures for windows with different window-to-wall ratio and

building azimuth combinations from June to August
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7.3.3 Impact of windows with different window-to-wall ratio and building azimuth combinations on the air

conditioning energy consumption

During AC in operation, its action-points of heating and cooling temperatures should be controlled in appropriate

scopes. The optimum scopes of AC action-points range from 26 ℃ to 28 ℃ during summer and from 18 ℃ to 20 ℃

during winter [29]. According to the recommended AC action-points and taking into consideration the habit of

temperature setting for AC by the occupants, the AC action-points were assumed to be 27 ℃ and 18 ℃ in the

simulation for space heating and cooling, respectively.

Furthermore, because the active system used for both cooling during summer and heating during winter for the

internal spaces is AC in East and Central China, the electricity from power grid was chosen as the energy supply

source in the simulation throughout the whole year. In consideration of the air-conditioned conditions and the

occupancy schedules for various rooms, the setting parameters in the building energy consumption simulation need

to be adjusted for reduction in the bias error of computational results.

Since generally only bedrooms are equipped with AC in the Sizhai traditional dwellings, whose building area

accounts for approximately 33% of a suite, the air-conditioned building area of the middle suite was set at 13.2 m2

and that of the other four were all set at 7.99 m2. Due to each suite being occupied by a small family with an average

of two or three people, the population density of the bedroom was set at 0.221 in the simulation. Simultaneously, the

probability of all five suites being simultaneously air-conditioned was set at 80%.

In addition, the schedule assigned to run the air conditioning in the test scenarios during weekdays was assumed to

be 7 hours daily, beginning at 22:00 p.m. and ending at 5:00 a.m. of the next day, accounting for a 29.17% of the

whole day. Since the air temperatures are comparatively low during the first half day in summer, and the occupants’

daily schedule is postponed in winter, the time of air conditioning in operation during weekends was assumed to be

15 hours daily, beginning at 14:00 p.m. and finishing at 5:00 a.m. of the next day, which accounts for 62.5% of the

whole day.

7.3.3.1 Energy consumption in each of the test scenarios during winter

As shown in Fig. 7.8, the heating loads for N, N-W 20°, N-E 20° and N-E 40° show to be kept increasing

dependency upon the increase of WWR. While for the other orientations, the polylines firstly decrease and then

increase with the WWR increasing, which with the obvious inflection points can be observed. The inflection points

for south and west are observed at 0.8 of x-axis in general. The values of inflection points at x-axis present

decreasing trend rotated from N-W 60 and S-E 60 to N clockwise and anticlockwise, respectively. Among the 18
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polylines, the most dramatic and slight variations in the energy loads by varying WWR from 0.1 to 0.9 occur in the

test scenarios with S-W 80 and N-E 80 respectively, 46.3 kW·h/an and 3.7 kW·h/an.

Fig. 7.8 Heating energy consumption for windows with different window-to-wall ratio and building azimuth combinations

7.3.3.2 Energy consumption in each of the test scenarios during summer

In comparison with the heating consumption in winter, the cooling consumption in the test scenarios during

summer are much greater (Fig. 7.9), since Sizhai experiences a long summer period characterized by harshly hot

weather conditions.

Fig. 7.9 Cooling energy consumption for windows with different window-to-wall ratio and building azimuth combinations
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The polylines’ dispersion of cooling consumption increases with varying window size, which is consistent with

that of the mean indoor temperature. As WWR is equivalent to 0.1, the maximum difference of cooling load among

the 18 polylines is 46 kW·h/an, while the difference increases to 346 kW·h/an at 0.9 of x-axis. Moreover, the slopes

of polylines show an increasing trend rotated from the N to S-W 80 clockwise and anticlockwise. Furthermore, the

test scenarios with S-W 80 and N have the most dramatic and slight variations in the total energy loads (1131

kW·h/an and 829 kW·h/an), respectively. Regarding the optimal WWRs, all the lowest cooling costs occur in the test

scenarios with 0.1 of WWR.

7.3.4 Total energy consumption of air conditioning including space cooling and space heating

For any given value of WWR, the magnitude order of the total energy consumption of AC including heating and

cooling for 18 BAs is distinct from both heating consumption and cooling consumption, with the sequence west, east,

south and north as shown in Fig. 7.10.

Due largely to the dwellings in Sizhai belonged to the cooling-load dominated buildings, the increase in cooling

consumption is greater than the reduction in heating consumption with WWR increasing. Therefore, the total energy

consumption of AC for the 18 BAs is all directly proportional to the WWR. According to the distribution of

polylines, the energy consumption of AC becomes sensitive to BA change with WWR increasing. Among the 18

polylines, the maximum differences at 0.1 and 0.9 of x-axis are 32 kW·h/an and 324 kW·h/an, respectively.

Fig. 7.10 Energy consumption of air conditioning for windows with different

window-to-wall ratio and building azimuth combinations
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The minimum energy consumption is observed for the test scenarios facing north, due to less solar coverage on its

glazing. Furthermore, the energy consumption in southerly orientated test scenarios is lower than that in easterly

orientated alternatives, since summer with high solar altitudes leads to little or no sunlight covering on the south-

facing facades for longer period of time. In contrast, the internal spaces in southerly oriented test scenarios can yield

a great quantity of solar heat in winter featured by low solar altitudes.

7.4 Impact of window-to-wall ratio on the solar radiation reception and energy consumption of

artificial lighting based on changes in building azimuth

The visual comfort of internal spaces is receiving increasing attentions as the environmentally friendly buildings

become popular [30]. Using optimal WWR can reduce the energy consumption of artificial lighting, because the

illumination levels of interiors are kept within a desirable range with no or little glare [31].

Building envelope is comprised of the opaque and transparent elements, of which the glazing parts are the

channels allowing the daylight to penetrate inside. ArchiWIZARD was used to simulate the solar radiation reception

level of windows installed in the test scenarios, which is a major factor that has significant impact on the internal

daylighting performance [32]. Based on the simulation results, another piece of software of VELUX Daylight

Visualizer 2 was adopted to continue to analyze the indoor visual comfort rates and change trends. The energy

requirement of artificial lighting varies greatly depending on the indoor natural daylight level [33]. To this end, the

ArchiWIZARD was adopted again to compute the energy consumption for each of the test scenarios.

7.4.1 Impact of windows with different window-to-wall ratio and building azimuth combinations on the solar

radiation reception

Solar radiation is a perpetual source of natural energy that has a great potential for a wide variety of applications,

since it is accessible and abundant. Solar radiation reception is a relatively common parameter to estimate the solar

control capacity of building component [34]. The solar radiation is consisted of direct radiation and diffuse radiation.

As presented in Fig. 7.11, the direct radiation receptions of windows for west are generally greater than those for east,

due to the afternoon periods with more intense solar radiation compared to the forenoon periods. Moreover, the

direct radiation receptions for south vary notably with the WWRs increasing, due to the solar coverage on the south-

facing facades for long period of time. In comparison with the southerly facing facades, the major solar contributions

of windows facing north are the diffuse radiation, so their direct radiation receptions are kept relatively low. In

contrast, the polylines’ dispersion of diffuse radiation is negligible, which demonstrates that BA has a trivial impact

on the diffuse radiation reception for window.
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The total solar radiation receptions (i.e., the sum of direct radiation reception and diffuse radiation reception) are

all directly proportional to increases in WWRs. Besides, the total solar radiation receptions exist wide-ranging

differences at the high values of x-axis, which means that the impact of BA on the solar radiation reception starts to

become obvious as the glazing area increases.

Fig. 7.11 Three kinds of solar radiation receptions for windows with different window-to-wall ratio and building azimuth combinations

7.4.2 Impact of windows with different window-to-wall ratio and building azimuth combinations on the

indoor visual comfort rate

Levels for daylighting are generally described as preferred or recommended, either by specific illuminance (lux)

levels on a work plane or by daylight factor (DF). The Chinese Standard for Daylighting Design of Buildings (GB

50033-2013) stipulates that the mean daylight factor in bedroom, living room and kitchen should be greater than 2%,

or the mean illuminance in these rooms should be greater than 300 lux. Therefore, the term of visual comfort rate in

this chapter is defined as the ratio of time for the internal space with mean illuminance greater than 300 lux by the
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natural daylighting to a year period. To simulate the visual comfort rate for the test scenarios, the VELUX Daylight

Visualizer 2 was adopted in this section. The reflectance of wall, flooring and ceiling was assumed to be 0.75, 0.60

and 0.65, respectively. The set-point of directly north is 0° in VELUX Daylight Visualizer 2. By altering this set-

point, BA of the building geometry can be varied correspondingly without necessity to rotate the original model,

which is helpful for the time-saving.

It can be seen from Fig. 7.12 that the visual comfort rates are directly proportional to the WWR. The polylines’

dispersion decreases dependency on the WWR increasing, since the daylighting in the southerly oriented test

scenarios derives from both the direct and diffuse radiations, while that in the alternatives facing north principally

relies on the diffuse radiation resulting in being difficult to meet the demand of greater than 300 lux. With increase in

WWRs, the northerly orientated test scenarios can prolong visual comfort time effectively by the diffuse radiation.

Therefore, the visual comfort rate becomes to be not susceptible to the variation of BA at the high values of x-axis.

The visual comfort rates for south are greater than those for north, because the availability of substantial quantity

of solar radiations covering the south-facing facades with longer period of time. The visual comfort rates display an

increasing trend rotated from N to S-W 40 clockwise and anticlockwise, under the conditions of WWRs for 18 BAs

with the same value.

Fig. 7.12 Visual comfort rates for windows with different window-to-wall ratio and building azimuth combinations
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7.4.3 Impact of windows with different window-to-wall ratio and building azimuth combinations on the

energy consumption of artificial lighting

Through the questionnaire survey, we found that the wake-up time and the bedtime for occupants are generally at

6:30 a.m. and 22:30 p.m., respectively. When the illuminance in each test scenario is lower than 300 lux, the lighting

system is turned on to compensate the daylight illuminance, aiming at reach the desired value (i.e., 300 lux) on the

work plane (0.9 m above floor). Therefore, the schedule assigned to the artificial lighting system was assumed to be

7.5 h on workdays from 6:30 a.m. to 7:30 a.m. and from 6:00 p.m. to 22:30 p.m. in simulation, while during

weekends, the time in running was set from 6:30 a.m. to 22:30 p.m.. In fact, not all lamps are in operation during

nighttime, but according to occupancy conditions and lighting demand, a variable quantity of lamps is switched on.

Therefore, the parameter settings in the simulation to compute the energy consumption of artificial lighting also need

to be optimized. The probability of all five suites being under the artificially lit conditions at the same time was set at

the 80%, and the average quantity of lamps in operation was set at 1.5 for each suite of the test scenarios.

Drawing an analogy between Fig. 7.12 with Fig. 7.13 can be seen that the polylines’ sequence of the lighting

energy consumption for 18 BAs is mutually inverse with that of the visual comfort rate, since the test scenarios with

higher visual comfort rate need less artificial lighting compensation.

Fig. 7.13 Energy loads of artificial lighting for windows with different window-to-wall ratio and building azimuth combinations
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The test scenarios with southwest orientations receive the highest solar radiation levels leading to the most notable

reduction in the lighting energy loads. The inflexion points of polylines for 18 BAs are all at 0.2 of x-axis, after

which the slopes start to increase. As WWR is assumed to be 0.1, the indoor illuminance in all of the test scenarios is

difficult to reach 300 lux so that needs long period of artificial lighting compensation time, resulting in high energy

costs and negligible differences. With increase of WWR, the dispersion of polylines increases as well, which means

that the impact of BA on the energy consumption become evident. Therefore, the recommended WWRs for the 18

test scenarios are all observed for 0.9.

7.5 Impact of window-to-wall ratio on the total energy consumption including air conditioning

and artificial lighting based on changes in building azimuth

As shown in Fig. 7.14, the polylines’ sequence and distribution characteristics of the total energy consumption

including cooling and heating (i.e., AC), as well as artificial lighting for windows with different WWR-BA

combinations are consistent with the energy consumption of AC. The dispersion of polylines for west is greater than

that for east at the high values of x-axis, which means that the total energy consumption in buildings orientated

towards west is more sensitive to the BA changes.

Fig. 7.14 Total energy consumption for windows with different window-to-wall

ratio and building azimuth combinations
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Among the three kinds of energy loads, the cooling energy consumption accounts for the highest proportions.

Especially, when the WWR is assumed to be a high value, the proportion of cooling energy cost is up to

approximately 70% in each of the test scenario. Therefore, the change trends and value order of total energy

consumption are more close to those of cooling energy consumption. Besides, the WWRs recommended for all the

test scenarios, in accordance with criterion of the total energy requirement, are 0.1, which is the same with the

recommendation based on criterion of the cooling energy requirement. The maximum difference of total energy

consumption among the 18 polylines is 31 kW·h/an when WWR is 0.1, while the value raises to 352 kW·h/an at 0.9

of x-axis.

7.6 Validation of the energy consumption results: simulation tool versus real bills

7.6.1 Energy consumption in the real traditional dwellings obtained from real bills

Real energy bills are empirical, also often called “true data” and are regarded as an extremely powerful validation

proof [35]. With this in mind, the total annual electricity consumed by the artificial lighting and AC, which is

generated by simulation tool, is compared to that from the real electricity consumption bills to verify the

computational accuracy in this chapter. Because the building model type with five suites was chosen in the

simulation, the mean electricity consumption for each suite was calculated as one fifth of the total annual electricity

use. There are two selection criteria for choosing the real bills from reference suites: (1) the reference suite should be

equipped with AC and lighting fixtures, so that the energy consumption of AC and artificial lighting can be obtained

from the bills; (2) the building area of the reference suite should be around 30 m2 for fair comparison with the suite

in the test scenario. In compliance with these two conditions, the existing energy bills from four real suites (Fig. 7.15,

Table 7.1) are selected as the “true data”, of which two are within S interval and the other two are within N interval.

The domestic electrical appliances and details of the four reference suites are listed in Table 7.2. The ETAAEU (total

annual actual electricity use, kW·h) including and the artificial lighting and AC in a bay can be formulated as

Equation (7.1).

ETAAEU = ET − EO (7.1)

Where, ET is the total annual actual electricity use including the all domestic electrical appliances, kW·h; EO is the

total annual actual electricity use of the all domestic electrical appliances except for the artificial lighting and AC,

kW·h. In accordance with the time in operation and the quantity of domestic electrical appliances, the EO can be

calculated and listed in Table 7.3.
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Fig. 7.15 positions of four reference buildings in Sizhai village

Table 7.1 Four reference suites in Sizhai chosen to provide real energy bills

BA Within S interval Within N interval
WWR 0.46 0.21 0.47 0.22

D
ia
gr
am

Table 7.2 List of domestic electrical appliances and details of the four reference suites

Domestic electrical appliance EC WM EV EK Com T R Cal
Power (w) 500 210 50 800 200 100 100 1500
Operation period Whole yearWhole year JO Whole yearWhole yearWhole yearWhole year NANY

Use frequency per day during workday 1 1 1 1 1 1 1 1

Use frequency per day during weekend 2 1 2 3 3 3 1 1
Operation duration for each time (h) 0.33 0.3 6 0.17 2 2 24 1

Electricity cost per month (kW·h) 6.27 1.89 9 4.08 12 6 12 45
Annual electricity cost (kW·h) 75.24 22.68 46.29 48.96 144 72 144 270
Suite 1-S
(28.56 m2)

Appliance ● ● ● ● ● ●
EO (kW·h) 603.93

Suite 2-S
(33.87 m2)

Appliance ● ● ● ● ● ● ●
EO (kW·h) 747.93

Suite 1-N
(30.53 m2)

Appliance ● ● ● ● ● ●
EO (kW·h) 656.49

Suite 2-N
(32.01 m2)

Appliance ● ● ● ● ● ● ●
EO (kW·h) 747.93

Notes: 1. ● presents the suite equipped with the given domestic electrical appliance; 2. EC: Electrical Cooker; WM: Washing Machine;

EV: Electrical Ventilator; EK: Electrical Kettle; Com: Computer; T: Television; R: Refrigerator; Cal: Calorifier. Whole year: WY; JO:

from June to October; NANY: from November to April of next year.
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Table 7.3 Total actual annual electricity consumption of 2014 and 2015 in the four reference suites

Designation ET of 2015 (kW·h) ET of 2016 (kW·h) ETAAEU of 2015 (kW·h) ETAAEU of 2016 (kW·h)
S-House 1 864.27 856.01 260.34 252.08
S-House 2 996.36 1028.65 306.24 280.72
N-House 1 904.92 899.46 248.43 242.97
N-House 2 1042.24 1026.36 294.31 278.43

The ETs in the four real suites throughout 2014 and 2015 are obtained from the monthly electricity consumption

bills stored by homeowners. Using equation (7.1), the calculated ETAAEUs, listed in Table 7.3, are regarded as the

baselines used to conduct the comparison with computational results. In 2014, the mean air temperature of January

was 6.5℃, and that of three summer months (i.e., June, July and August) was 28.7 ℃. As for 2015, the

corresponding mean air temperatures were 6 ℃ and 28.3 ℃, respectively. The mean temperature in summer of 2014

was higher than 2015, resulting in the electricity use of 2014 greater than 2015 in the four reference suites.

7.6.2 Comparison of the total energy consumption obtained from simulation tool and real bills

The total annual electricity uses in the S-House 1, S-House 2, N-House 1 and N-House 2 generated by the

software is 274.42, 319.27, 273.75 and 320.21 kW·h, respectively. By drawing a comparison between the electricity

consumption obtained from the simulation tool and from the real bills, the percentage of bias error for the eight sets

of data on average is equivalent to 0.09 (within the acceptable range), and the details are depicted in Fig. 7.16.

Fig. 7.16 Comparison of the total annual electricity consumed by lamps and air conditioning obtained from simulation tool and real bills

The possible sources of bias error which can impact the computational results are important to highlight: (1) The

BA is difficult to precisely measured for the real dwelling, therefore the BAs used to conduct simulation test in

software can not precisely represent the actual BAs for dwellings. (2) A substantial quantity of assumptions made in

software computation. The U-values of fabrics and materials used in the actual building may be not consistent with

the assumed value adopted in the software. (3) Software simulation estimates the amount of energy consumption
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based on a fixed schedule, but the real conditions of occupancy times may differ from day to day throughout a year.

(4) The accuracy of computational results may be correlated to human behavior. As stated by Ryan and Sanquist [36],

the occupant behaviors are the common source leading to bias errors in the energy simulations, since they are highly

variable resulting in being almost impossible to model them accurately. Besides, the life-style and behavior of each

occupant is different, but the set points in the simulation are the same for each of the test scenario, which may also

cause bias errors. (5) Weather data is another factor that influences the accuracy of computational results. The

meteorological data used in simulation are collected from the whole Shaoxing city, but the case study in the

mountainous area is easily impacted by a micro-climatic environment, which may causes bias errors for the

computational results. (6) Some simplifications in the geometric model may cause another source of bias error for

the computational results, such as the dwellings in Sizhai are surrounded by mountains and vegetation in fact, which

influences the intensity of solar radiation covering the walls.

7.7 Optimal window-to-wall ratio recommended for each building azimuth interval

Levels for daylighting are generally described as preferred or recommended, either by specific illuminance (lux)

levels on a work plane or by daylight factor (DF). For evaluation of the quantity of indoor illumination inside a room,

daylight factor is the most recognized performance indicator used at present. The Chinese Standard for Daylighting

Design of Buildings (GB 50033-2013) is recommended that the mean daylight factor in bedroom, living room and

kitchen should be above 2%, or the mean illuminance in these rooms should be higher than 300 lux on the work

plane for the building design.

The daylighting mode of fenestration system used in Sizhai traditional dwellings belongs to side daylighting. In

Ecotect 2012, the most basic data for lighting calculations is the daylight factor, and all other parameters (e.g.,

illuminance) are obtained applying calculations based on the daylight factor. Therefore, the evaluation parameter of

daylight factor was used to estimate the indoor daylighting performances for each of the test scenarios with different

shading depth and building azimuth combinations.

According to the Standard, the daylight climate of Sizhai is located in the fourth zone, where the natural

illuminance of overcast sky is assigned to be of 13500 lux. The overcast weather is characterized by a uniform and

stable diffuse radiation in the sky, which leads to the indoor daylighting performances corresponding to different

orientations to be very similar. In this chapter, the test scenario with S was chosen as the case study. As shown in Fig.

7.17, excluding the 0.1 of WWR resulting in the indoor daylight factor of less than 2%, the other WWRs are all

satisfied to the Standard.
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Fig. 7.17 Daylight factor for directly south (S) by varying window-to-wall ratio

The compromised WWRs recommended for each BA are depicted in Fig. 7.18, based on the total building energy

consumption and indoor daylight factor standard. Because the increases in cooling loads in each of test scenarios are

greater than the reductions in the sum of heating and lighting loads, the recommendations of WWRs for all the test

scenarios are the same, 0.2. This research results meet the requirements from Code for Thermal Design of Civil

Building (GB50176-2016), which stipulates that the north-, east-, west-, and south-facing facades of residences

should be not greater than 0.25, 0.3, 0.3 and 0.35, respectively.

Fig. 7.18 Recommendation of the optimum window-to-wall ratio for each building azimuth interval
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7.8 Application of the research results

7.8.1 Definition of Evaluation Score of Window-to-Wall Ratio

To apply the research results, the Evaluation Score of Window-to-Wall Ratio (ESWWR) was put forward in this

work. The ESWWRs assigned to the WWR interval close to its optimal values for each BA are assumed to be 1.

Since the indoor daylight factor in the building with WWR of less than 0.2 is not meet the code of visual comfort,

the ESWWR is not assigned to WWR of less than 0.2. As depicted in Fig. 7.19, the ESWWRs assigned to the other

WWR intervals present descending trends at 0.1 increments, with being apart from its optimum.

With respect to the courtyard dwellings consisted of some stand-alone buildings, the equation (7.2) is formulated

to calculate the average ESWWR (Wa) for them.

Wa = (WWR × ESWWR)/ WWR�� (7.2)

The construction approach of traditional dwellings in East and Central China is compliant to with the professional

standard of Ying Zao Fa Yuan, which leads to the building components used in dwellings characterized by the

modularization. Thus, the height of window above the floor and height of window are greatly similar, the ESWWR

is deemed to be applicable for each building in Sizhai village to analyze its energy saving potential.

Fig. 7.19 Evaluation score of window-to-Wall ratio assigned to 8 window-to-wall

ratio intervals for 18 building azimuth intervals

7.8.2 Application of the evaluation score of window-to-Wall ratio to three courtyard dwellings

As shown in Table 7.4, three traditional dwellings in Sizhai are selected to estimate their ESWWRs, of which the

courtyard dwelling of Fa xiang ju (Fig.7.20) is considered as the baseline case. The other two, case 1 (Shang xin ju)
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and case 2 (Xia men qian fan), within the same and different BA intervals comparing to the baseline case

respectively, are chosen as the target buildings. Due largely to the hall buildings in three courtyard dwellings with

only a storey, there are not corridor constructed for them. This work is focused on the shading performance of

corridor in traditional dwellings, so the ESWWRs of hall buildings were not considered.

The configurations of these three buildings with courtyard are quite complex, in order to explain the comparison

procedures in detail. By using equation (7.2), the ESWWRs of the three chosen dwellings are calculated, which are

0.86, 0.84 and 0.85 corresponding to the baseline case, the case 1 and the case 2, respectively. Thus, the dwelling

with the highest energy saving potential is deemed to be the case 1, based on the evaluation parameter of WWR. By

repeating the previous procedures, the ESWWR of each dwelling in the village can be obtained. Also, this new

evaluation of building energy saving potential can be applied to assess the energy efficiency of the traditional

dwellings in East and Central China, thanks to having the same classification of the traditional dwelling, building

materials and building structure.

Table 7.4 Evaluation score of window-to-Wall ratios calculated for the three study dwellings

D Fa xiang ju (Base case) Shang xin ju (Case 1) Xia men qian fan (Case 2)

R
em

ot
e
se
ns
in
g
im
ag
es
in
G
.E
.

BA SE-20 SE-20 (the same with base case) NW-60 (differing from base case)

SD
sf
or
th
re
e
bu
ild
in
gs

Wa 0.86 0.84 0.85

Notes: 1. D is the abbreviation of designation.
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Fig. 7.20 Three dwellings selected to assess their building energy saving potentials

7.9 Finding and discussion

Since the glazing and opaque areas on facade has significant impact on the indoor visual and thermal comfort as

well as energy cost, the optimal WWR is necessary to be explored for the rural residences with a large quantity in

China. Take into consideration the different combinations of BAs and WWRs, giving a total of 162 simulation runs

in this chapter. Through software simulation, the evaluation parameters of solar heat gain, air temperature, solar

radiation reception, visual comfort rate and energy consumption were employed to assess the effects of WWRs on

indoor environments and energy consumption performances in each of the test scenarios with different WWR-BA

combinations.

(1) The total indoor heat losses passing through windows for the 18 BAs in January are all directly proportional to

the WWRs increasing. In comparison to magnitude of solar heat gain, the values of indoor heat losses are

comparatively low. The polylines’ distribution characteristics of energy difference in January are consistent to those

for solar heat gain.

(2) The polylines’ dispersion of energy differences, between solar heat gain and indoor heat loss passing through

windows, increases when the WWR grows in summer. Furthermore, the energy difference in each of the test

scenarios is very close to its solar heat gain, due largely to the heat loss with relatively low magnitudes compared to

solar contribution.

(3) The heating loads show the continuously increasing trends for north and northeast dependency on WWR

increasing. While for the other orientations, the polylines firstly decrease and then increase with WWR increasing

after the infection points.
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(4) The cooling demands in the test scenarios during summer are much higher, since Sizhai experiences a long

summer period characterized by harshly hot weather conditions. The polylines’ dispersion of cooling loads

dramatically increases by varying window dimensions.

(5) The magnitude order of the total energy consumption of AC for 18 BAs is west, east, south and north

orientations. Among the 18 polylines, the maximum differences at 0.1 and 0.9 of x-axis are 32 kW·h/an and 324

kW·h/an, respectively.

(6) The polylines’ sequence of the lighting energy consumption for 18 BAs is mutually inverse with that of the

visual comfort rate. Moreover, the test scenarios facing southwest receive higher solar radiation levels leading to

slight reduction in the energy requirements of artificial lighting.

(7) The percentage of bias error on average for the total energy consumption is 9%, which is ranged within the

acceptable scope, so the research results have reliability.

(8) Based on the total energy cost (including AC and artificial lighting) and indoor daylight factor standard, the

recommendations of WWRs for all the test scenarios are the same, 0.2.

To apply the research results, the Evaluation Score of Window-to-Wall Ratio was put forward in this work. Three

traditional dwellings in Sizhai were selected to estimate their energy saving potentials. Based on the calculated

results, the dwelling with the highest energy saving potential was observed for the case 1. By repeating the previous

procedures, the Evaluation Score of Window-to-Wall Ratio of each dwelling in the village can be obtained.
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Chapter 8

Impacts of walls with various construction type and building azimuth

combinations on the energy consumption
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8.1 Introduction

8.1.1 Motivation

Today, due to population growth, global warming and environmental issues, as well as energy crisis, reduction in

energy consumption becomes increasingly important [1]. The operation and construction of buildings account for

approximately 25-40% of the total energy consumption in the world, and result in around 25% of the total CO2

emissions [2]. Also, building sector is one of the largest energy consumers in China, responsible for approximately

25-30% of the total national energy consumption. This is due largely to the substantial amount of energy used for

space heating and space cooling, which accounts for about 40% of the total energy use in China, in order to achieve

the desired levels of thermal comforts in building interiors [3]. What’s more, thanks to the rapid economy

development and raising requirement for the indoor thermal comfort by occupants, the energy cost in the building

sector will reach a higher magnitude [4].

Energy efficiency and energy saving are commonly considered as the cheapest and the most effective methods to

conquer the challenge of energy crisis in building sector. With increasingly serious of global warming, the concept of

energy saving and low carbon has been widely realized worldwide. At present, various energy-efficient technologies

and environmental protection methods used in buildings can now be found worldwide. Furthermore, many countries

have already adopted some mechanisms, such as regulations, laws, building standards and codes, to decrease the

energy consumption in both the refurbishment and newly-built buildings.

Most of energy consumed in buildings is greatly associated with building components. In particular, the exterior

wall is responsible for roughly 29-59% of the total heat loss [5]. The wall system is a driving factor that influences the

indoor thermal performances, as a buffer element between the outside and inside of building. The above highlighted

issues need to be emphasized and to be solved by alternative solutions, based on investigations of the thermal

performances and construction characteristics of wall systems. Nowadays, building envelopes are generally designed

and constructed, in accordance with the energy saving measures. In the cold climate zone, integration of the thermal

insulation materials into walls is one of common methods to reduce the energy loss [6]. Due to the high quality

thermal insulation materials used in building envelopes, heat transfer through the external walls has been evidently

reduced. The thermal insulation materials, such as the expanded polystyrene (EPS) and extruded polystyrene (XPS),

are widely used to play their roles in decrease of the air conditioning energy consumption. Furthermore, Trombe wall

with air layer has been gained growing attentions, due to its passive heating functionality by utilizing solar radiation.

Besides, cavity wall consisting of two “skins” separated by a hollow space is a conventional method to enhance the

thermal insulation of building envelopes, which is suitable to be used under both hot and cold climate conditions.
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The cavity brick walls with double layers, widely applied in the Chinese traditional dwellings, have an outstanding

performance in terms of thermal insulation, so as to mitigate the thermal transmission in walls [7]. However,

concerning the hot climate zone, the primary task of building design is heat dissipation of the external walls, in

consideration of thermal insulation at the same time, aiming at cutting down the cooling load [8]. The traditional

solution dissipate the internal heat of buildings is increase in opening areas on facades. Due to without or less

consideration of wall’s thermal insulation, the air conditioning energy load will be significantly raised. However, the

tendency of the increasing quantity of air-conditioned residential buildings is remained in China. In doing so, a novel

method on improving the wall properties in terms of heat dissipation and thermal insulation for buildings in the hot

climate zone need to be urgently proposed.

Up to Dec 31st, 2017, the summation of administrative villages in China was 691510, which was comprised of

2617000 natural villages [9]. At present, there are approximately 13100 of the traditional villages, accounting for

1.9% of the total administrative villages. The traditional dwellings situated in East and Central China are

characterized by the cavity brick wall construction, aiming at improving the thermal insulation effectiveness.

Through the field investigations, we found that the thermal property of cavity brick walls need to be further

improved. Thus, this chapter focuses on the heat dissipation in consideration of thermal insulation for the cavity

brick walls of traditional dwelling in East and Central China, where climate is characterized by the harshly hot

weather conditions with long summer period.

8.1.2 Scientific originality

In East and Central China, buildings are characterized by the long cooling period and short heating period

throughout the year. Furthermore, with raising of the living standard, increasing number of the traditional dwellings

with brick-wood structure are air-conditioned. Unlike the previous studies, here, the vented cavity brick wall was

focused to evaluate its passive cooling property for buildings under the hot weather conditions. Then, the

comparisons of wall surface temperatures and air temperatures, through in-situ measurements, between conventional

cavity brick wall and vented cavity brick wall were conducted in this chapter, to investigate the passive cooling

effect of vented wall. Since the energy efficiency of conventional cavity brick wall does not meat the current China’s

energy saving demand, here, we proposed another two novel designs for vented cavity brick wall, in consideration of

the cooling performance and thermal insulation at the same time. By coupling between the vents and increased wall

thickness, the two novelly-designed walls are the vented cavity brick wall with increased inner layer thickness, and

vented cavity brick wall with increased outer layer thickness, respectively. Through the building energy simulation,

the most outstanding performance of wall type in terms of energy saving was recommended in this chapter. Also,



186

instead of limited wall orientations, the analyses of walls’ passive cooling performances were based on 18 building

azimuth intervals, and also the optimum building orientations were determined in this chapter.

On the other hand, until very recently, numerous attentions have been given to the energy performance of building

envelopes in the contemporary buildings, instead of the traditional buildings. Thus, the research results on the energy

saving potentials of diverse wall construction types incorporated into the traditional dwellings situated in East and

Central China in this chapter, can supply a new body of wall system study to fill the knowledge gap in this field.

8.1.3 Aim of this study

In this chapter, the prototype of geometric models used to run energy simulation was derived from the traditional

dwellings in Sizhai village, Zhejiang Province, China. This chapter focuses on the impact of passive cooling

performances of cavity brick walls with four types of constructions on the indoor air temperatures and energy

consumption, based on changes in building azimuth. Furthermore, the optimum wall construction type (i.e., the kind

of wall construction type used in building models with the maximum energy saving potentials) were recommended

in this chapter, aiming at acceleration of heat dissipation as well as improvement of thermal insulation at the same

time for the cavity brick walls in traditional dwellings.

The research results are thus expected to contribute to some state-of-the-art knowledge and facilitate the further

researches on improving the passive cooling efficiency and enhancing thermal insulation property of walls in

cooling-load dominated buildings. Furthermore, based on this research, we aim at providing some advice on wall

construction design decisions to both newly-built construction and retrofit of the rural residences with various

building orientations.

8.2 Research methodology

8.2.1 Research subject

The traditional dwellings are the representative and typical house samples among the rural residences, whose

structures, lay-out, indoor comfort and energy consumption are the driving factors influencing the sustainable

development of villages. Therefore, the traditional dwellings situated in Sizhai village (East China), with longitude

of 120°26’ East and latitude of 29°34’ North, were chosen to be the target buildings in this chapter. According to the

criteria of traditional village category based on the building typology and village geography, Sizhai is regarded as a

mountainous traditional village.

In compliance with the Köppen-Geiger Climate Classification, Sizhai is located in the humid subtropical climate

(Cfa) zone. The average annual air temperature here is in the range of 16.5-17.5 ℃. January with mean air
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temperature of 5.5 ℃ and average diurnal temperature variation of 6 ℃ is the coldest month throughout the year. In

contrast, the hottest month is July with mean air temperature of 31.7℃, experiencing approximately 8 ℃ of daily

temperature variation. Besides, the average annual relative humidity, precipitation days, sunshine duration per year

and annual precipitation are 82%, 158.3 d, 1887.6 h and 1373.6 mm, respectively.

The building material of back walls and gable walls in Sizhai village is the sintered clay brick (see Fig. 8.1). The

total thickness of external cavity brick wall is approximately 340 mm, of which 300 mm of thickness is the rowlock

cavity wall consisted of two layers with an air layer inside, and 40 mm of thickness is two mortar layers brushed on

outer and inner wall surfaces, respectively (Fig. 8.1).

Fig. 8.1 Construction of the external cavity brick wall in Sizhai traditional dwelling

8.2.2 Description of in-situ measurement

As shown in Fig. 8.2, two dwellings in Sizhai village were chosen as the base building and test building

respectively, to collect the measurement data. These two buildings are both built in brick and wood, within the same

building azimuth interval of N-E 20. In base building, we found a small crack in the cavity wall between bricks

located 0.9 m above the outdoor ground (Table 8.1.7), which can provide the passage for thermometer sonde to

measure the air layer temperature inside the wall.

Fortunately, another building with upper and lower vents in a cavity brick wall were found in this village (Table

8.1.8-8.1.9), so we could conduct the air temperature measurements to observe the passive cooling effectiveness of

vented cavity brick wall. The two vents’ sizes are both of 0.24 m (Height) × 0.24 m (Width), which are above 0.3 m

and 3.6 m of the outdoor ground, respectively.

Three measurement points were placed in the wall of base building (Table 8.1.1), aiming at observing the outer

layer surface temperatures contacted outdoor air (i.e., Ts1) (Table 8.1.3), the inner layer surface temperatures
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contacted indoor air (i.e., Ts2) (Table 8.1.5), and the air layer temperatures inside wall (i.e., Tal) (Table 8.1.7). All

measurement points were located 0.9 m above the outdoor ground. Regarding the test building, four measurement

points were set in the vented cavity wall (Table 8.1.2). They are the outer layer surface temperature contacted

outdoor air (i.e., Tvs1) (Table 8.1.4), the inner layer surface temperature contacted indoor air (i.e., Tvs2) (Table

8.1.6), as well as the air temperature in lower vent (i.e., Tv1) (Table 8.1.8) and upper vent (i.e., Tv2) (Table 8.1.9).

The heights of measurement points of Tvs1 and Tvs2 are the same with the corresponding points in base building

(i.e., 0.9 m), and the points of Tv1 and Tv2 are placed at the middle of vents, with 0.4 m and 3.7 m of heights,

respectively. Furthermore, an another measurement point (Po, 1.5 m above ground) was placed in outdoor space to

collect the air temperature data during the testing days, where is spatial and without any obstacles near it.

As highlighted by purple dotted line in Fig. 8.2, a bay in base building was selected to conduct a measurement of

indoor air temperature (measurement point positioned 0.9 m above the flooring at the center of the room), and to

perform an experiment of air conditioning energy consumption. The results from measurement and experimentation

were considered as baseline to verify the accuracy of the computational results from simulation in chapter 5.

Fig. 8.2 Distribution of measurement walls and point as well as selected suite in Sizhai village

During the measurements, thermometers (type: M0101T2CS, accuracy of ±0.2 ℃, rang of -40-60℃) were

employed to measure air temperatures in vents and indoor space, as well as outdoor space. The measurement data

were recorded by data acquisition system at 10 min of increments. All the measurement sensors were placed in

shaded spaces during the measurement period of time. Furthermore, infrared thermometers (type: AS530, accuracy

of ±0.2 ℃, rang of -32-380℃) were used to measure the wall surface temperatures at intervals of 10 min. The

measurement time is one week in summer, from Aug 4th, 2018 to Aug 10th, 2018.
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Table 8.1 Details of measurement points and measurement methods in base building and test building

8.1.1 Base building 8.1.2 Test building

8.1.3 Measurement of Ts1 8.1.4 Measurement of Ts1

8.1.5 Measurement of Ts2 8.1.6 Measurement of Ts2

8.1.7 Measurement of Tay 8.1.8 Measurement of Tv1 8.1.9 Measurement of Tv1

8.2.3 Research flow description

The vented cavity brick wall was focused to evaluate its passive cooling property for buildings under the hot

weather conditions. Then, the comparisons of wall surface temperatures and air temperatures, through in-situ
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measurements, between conventional cavity brick wall and vented cavity brick wall were conducted in this chapter,

to investigate the passive cooling effect of vented wall.

Simulate the Building models with different wall type-building azimuth combinations, giving a total of 72

simulation runs. The evaluation parameters of air temperature and energy consumption were employed, to estimate

the effect of diverse wall construction types on the indoor thermal environments and energy requirements in the all

building models facing different orientations. Ecotect 2012, whose thermal performance analysis method used in this

tool is based on the Chartered Institution of Building Services Engineers (CIBSE), is suitable to conduct the indoor

air temperature simulation in this chapter. Obviously, air temperature is a driving factor impacting the energy

consumption in a building [10]. To this end, the ArchiWIZARD integrated with the Energy Plus in-plug, characterized

by time saving during running, is suitable to be adopted in this chapter.

Aiming at verifying the accuracy of computational results from Ecotect and ArchiWIZARD, the data were

compared with those from the field measurements and real experimentation. In addition, based on the air

conditioning energy consumption, the optimal wall construction type and building azimuth were recommended in

this chapter. To facilitate understanding the research methods framework of this chapter, it is shown in Fig. 8.3.

Fig. 8.3 Research methods framework of this chapter
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8.3 Field measurements for walls in base building and test building

8.3.1 Meteorological data of Sizhai during testing days

The most significant impact factor on the indoor thermal comfort is air temperature. The air temperature data and

solar intensity data was collected from the field measurement and obtained from an automatic meteorological

observation station with approximately 3 km as the crow flies away from Sizhai village.

It can be seen from Fig. 8.4 that the solar intensities were comparatively low in the early forenoon and late

afternoon, and then turned to zero after sunset. Obviously, the magnitudes of solar intensity were very high during

most of the testing days, which was expected to observe the passive cooling effect of vented cavity walls under the

harshly hot weather conditions. Concerning the outdoor air temperature, it was fluctuated in synchronization with the

solar intensity’s variation. The sunny weather conditions without clouds on Aug 6th, lead to the highest outdoor air

temperatures (28.6-36.9 ℃) during the testing days. In addition, the outdoor air temperatures during the other testing

days were also comparatively high, within range of 26.9-35.9 ℃. In the testing days, the highest outdoor

temperatures always emerged between 13:00 p.m. and 14:00 p.m., which were 1-2 h later than the peaks of solar

intensities, due largely to the solar heat absorption of the earth. The lowest outdoor temperatures were always

occurred at before sunrise, between 5:00 a.m. and 6:00 a.m..

Fig. 8.4 Meteorological data of solar intensity and air temperature during the testing days

8.3.2 Wall surface temperatures in base building and test building

As shown in Fig. 8.5, both Ts1 and Tsv1 were distinctly higher than the outdoor air temperatures during most of

daytime on the testing days. The reason is associated with the absorption of solar radiation by walls. Draw an

analogy between Fig. 8.4 with Fig. 8.5, the change trends of wall surface temperatures of outer layers follow those of

solar intensity. The higher of the solar radiation intensity, the more solar heat gains are received in the cavity walls,
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and thus lead to higher the outer layer surface temperatures. Furthermore, the wall surface temperatures of outer

layers always drop to the minimum values around daybreak. Concerning the maximum values, they emerge at

between 14:00 p.m. and 15:00 p.m. in general, later about 1 h of the peak values of outdoor temperatures, as a result

of walls’ solar radiation absorption.

The vented walls depend on the heat pressure (i.e., thermal plume) in air channel and the natural ventilation can

realize heat convection. This is because that the low-temperature air is imported into the air channel through lower

vent and is expelled from upper vent can dissipate the stored heat of brick wall to exterior. Thus, the vented wall

contributes to reduction in the heat flowing through wall, resulting in Tsv1 always lower than Ts1. This means that

the vented wall is more outstanding in terms of heat dissipation.

The maximum differences between Ts1 and Tsv1 occur at the same time of the highest surface temperatures, with

average 2.8 ℃ during the testing period. Furthermore, the difference values are directly proportional to the solar

intensity. During nighttime, the differences are close to zero. Regarding the Ts2 and Tsv2, the maximum differences

between them occur at around 16:00 p.m., with average 2.1 ℃ during the testing period. Moreover, the maximum

differences always occur at the time of approximately 1 h later than the peak values of outer layer surface

temperatures, thanks to the continuous heat reception from outer layer.

Tsv2 become stable from approximately 21:00 p.m. to sunrise, which differs from Ts2 beginning at approximately

23:00 p.m. and finishing at sunrise. Regarding Tsv1, it has relatively negligible variation during nighttime, in

comparison with Ts1. This is because that the cavity wall without vent in base building has better heat insulation

property, resulting in extending the heat dissipation time.

Fig. 8.5 Inner layer and outer layer surface temperatures of cavity wall in case building and test building
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8.3.3 Air temperatures in cavity of base building and in vents of test building

Fig. 8.6 shows the air temperatures inside the wall of base building and in vents of test building. As seen, except

for a small proportion of the testing periods after sunrise, Tal in the case building is always greater than Tv1 and Tv2

in the test building. This is because that the heat in air channel of base building is obtained from heat transportation

through wall, while for the air temperatures vent in upper and lower vent of test building, they are impacted by both

the outdoor air temperatures and heat transportation through wall. After sunrise, the outdoor air temperatures are

rising gradually, but the heat transmission in outer layer of cavity walls is not notable at the beginning, due to the

sintered clay brick with comparatively high thermal resistance and solar absorption capacity. This results in higher

air temperatures in vents of test building, compared with those in the channel of base building, during some time

after sunrise.

The maximum air temperatures in these three points always emerged at between 15:00 p.m.-17:00 p.m.. However,

the time of peak values for vents are earlier than those for channel. As the air in channel was heated and expanded,

and integrate with natural ventilation, the upward airflow was formed. The hot air was expelled to the outdoor space

through the upper vent, and cool air from outside flowed into the channel, leading to evident cooling effect in the

wall of test building.

The average maximum difference values during the seven testing days between Tal and Tv1, as well as between

Tal and Tv2 were 1.8 ℃ and 3.7 ℃, respectively. At the time before sunrise, the difference values reached the

minimum in general. Moreover, the second half days with larger difference values were visible, compared with that

in the first half day, due to afternoon with higher levels of solar intensity. Furthermore, we found that the differences

between Tal and Tv1, as well as between Tal and Tv2 are larger in the second half days than those in the first half

days, and the peak values were emerged at around 14:00 p.m., during the testing period. Since the second half days

have higher levels of solar intensity, this means that the higher solar intensity leads to more notable effect of passive

cooling.

Fig. 8.6 Air temperature in channel of base building and vents of test building during the testing days
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8.4 Air temperature and energy consumption obtained from simulation

8.4.1 Air temperatures for four wall types based on changes in building azimuth

8.4.1.1 Air temperatures in each building model during summer

Fig. 8.7 shows the mean indoor air temperatures during summer (i.e., June, July and August) in the building

models with different wall type-building azimuth combinations. The mean indoor air temperatures for east

orientations are lower than those for west orientations. The reason is associated with less solar heat receptions of the

easterly oriented walls. Although the movement trajectory of the sun is symmetrical with the north-south orientation

in the earth, the solar radiation level is constantly changing in the sky, which is influenced by the air humidity, dust

level in the air and cloudage, etc. In Sizhai, the magnitudes of solar radiation in the second half day are greater than

those in the first half day throughout the year in general [11].

Fig. 8.7 Air temperatures in each of the building models with various wall type-building azimuth combinations in summer

During summer, low air temperatures are desired in the building interiors. Thus, the three recommended building

azimuth intervals for the buildings with four wall types are all observed for N, N-E 20, S-E 40. Furthermore, the

lowest air temperatures are always observed for novelly-designed scenario 2 with various building azimuths,

attributing to their outstanding passive cooling performance. The average low temperatures are remained stable, with

varying the building azimuth for various wall construction types. However, in comparison to east-facing building
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models, the average high temperatures in west-facing alternatives with a larger magnitude are observed. A total

mean air temperature difference of about 3 ℃ corresponding to four wall construction types between the worst (i.e.,

S-W 80) and best (i.e., N) azimuths of the buildings was achieved.

8.4.1.2 Air temperatures in each building model during winter

For improving heat insulation of walls, all vents in building models of test buildings and novel scenarios were

sealed by bricks in winter. Regarding the indoor air temperatures in this season, those for south orientations are

higher than north orientations. This is because the solar azimuth during winter is low in Sizhai village, resulting in no

solar exposure on the northerly oriented walls. During winter, the high indoor air temperatures are expected, so the

three best building azimuth intervals for the buildings with four types of wall constructions are all observed for S-

W20, S, S-W40, as shown in Fig. 8.8.

Fig. 8.8 Air temperatures in each of the building models with various wall type-building azimuth combinations in winter

As opposed to the change trends of air temperatures in summer, both the average low and high temperatures are

experienced notable variations, when the building models were rotated. For the buildings with high mean indoor air

temperatures, the differences between their average high temperatures and mean temperatures are larger. On the

contrary, the differences of air temperatures between the average low and mean are larger in buildings with low

mean indoor air temperatures. Moreover, A total mean air temperature difference of about 2.6 ℃ corresponding to

four wall construction types between the worst (i.e., N) and best (i.e., S-W 20) azimuths of the buildings was



196

achieved. Also, among these four wall types, the walls in the novelly-designed scenario 2 can create the most

desirable indoor air temperatures for occupants in winter.

8.4.2 Energy consumption for four wall types based on changes in building azimuth

During ACs in running, their action-points of cooling and heating temperatures should be set within proper scopes,

in consideration of thermal comfort and energy saving [7]. The optimal scopes of AC action-points are within ranges

of 18-20 ℃ and 26-28 ℃ in heating and cooling seasons, respectively [12]. In addition, taking into consideration the

temperature setting styles for ACs by local occupants, the AC action-points were assumed to be 18 ℃ and 27 ℃ for

space heating and space cooling in simulation, respectively. Moreover, because the active equipment system used for

both heating and cooling in buildings located in East and Central China is AC, the energy supply model of

“electricity from power grid” was chosen in simulation for whole year.

Considering the occupancy schedule and air-conditioned conditions for various rooms, some setting parameters

need to be modified in simulation. In the Sizhai traditional dwellings, usually only the bedrooms are installed air

conditioner, whose building areas account for approximately 33% of suites. Thus, the building areas of middle suite

and the other four served by AC were set at 13.2 m2 and 8.0 m2 respectively, and each bedroom was equipped one air

conditioner. Since each suite is generally occupied by a family with two or three people, the population density of

bedroom was assumed to be 0.22. Furthermore, the probability of five air conditioners in operation at the same time

was assumed to be 80%. In addition, the schedule was assigned to run AC in the building models during weekdays

was 7 h daily, lasting from 22:00 p.m. to 5:00 a.m. of the next day. Since the occupants’ daily schedules are

postponed in winter and air temperatures are relatively low during the first half days in summer, the schedule of AC

in operation for weekends was assumed to be 15 h daily, beginning at 14:00 p.m.and finishing at 5:00 a.m. of the

next day.

8.4.2.1 Energy consumption of space cooling in each building model

Fig. 9 shows the cooling energy consumption in the each of the building models with different wall type-building

azimuth combinations. The cooling energy consumption is directly proportional to the indoor air temperatures,

comparing the circle legends between Fig. 8.7 and Fig. 8.9. As shown in Fig. 8.9, the magnitudes of cooling costs for

building azimuths from N to S are obviously lower than the rest alternatives, as a result of less solar radiation

receptions.

Since the vents in test building and novel scenarios were opened in summer, the cooling energy costs in all

buildings with vented wall have different levels of reduction in relation to the corresponding base buildings. The

novelly-designed scenario 2 consumed less cooling energy compared with the novelly-designed scenario 2. It can be
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seen as a result of the scenario 2 with thinner inner layer of wall, which leads to smaller cool energy storage capacity.

Thus, the inner wall layer absorbs less cool energy from the internal space, contributing to higher energy saving

potential of building. Furthermore, the cooling energy saving levels in testing buildings compared with baselines of

base buildings, present increasing change trends from N to S and from N-W 40 to S-W 80, as shown in Fig. 8.9.

Fig. 8.9 Cooling energy consumption in each of the building models with various wall type-building azimuth combinations in summer

8.4.2.2 Energy consumption of space heating in each building model

As opposed to cooling energy consumption, an inverse order of circle legend in Fig. 8.10 was observed in

comparison with Fig. 8.8, which means that the heating energy consumption is inversely proportional to the indoor

air temperatures. The heating costs present increasing trend rotated from the S-W 20 to N clockwise and

anticlockwise (see cycle legend in Fig. 8.10).

As shown in Fig. 8.10, the growth rate of heating costs for building azimuths from N-E 60 to N is larger than that

from S-W 20 to N-W 40, which could be a result of availability of direct radiation over the glazing of building

models facing south for a longer period of time than those facing north. In other words, the heating costs for a series

of south orientations in buildings with various wall types are more susceptible to the variations in building azimuth.

Since the vents in test buildings were sealed in winter, their heating energy costs for all building azimuths are the

same with those in base buildings. Due to the same reason, the novelly-designed scenario 1 consumes more heating
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energy in comparison with the novelly-designed scenario 2, because the thicker inner layer of wall has larger

capacity to store heat obtain from room.

Fig. 8.10 Heating energy consumption in each of the building models with various wall type-building azimuth combinations in winter

8.4.2.3 Total Energy consumption including cooling and heating in each building model

Regarding Fig. 8.11, it shows the total energy consumption including space heating and space cooling throughout

the year. Due largely to the dwellings in Sizhai village belonged to the cooling-load dominated buildings, the change

trend and order in terms of the total energy consumption in each of the building models are more close to the cooling

energy consumption. The three best building azimuth intervals are observed for N, N-E 20 and S-E 20, while the

worst three are N-W 60, S-W 80 and N-W 80, based on the criteria of total energy consumption.

Among the four wall types, the maximum total energy consumption for various building azimuths always occurs

in base buildings. In contrast, the minimum values are always observed for the novelly-designed scenario 2, thanks

to the vented cavity wall with increased outer layer having outstanding heat dissipation performance and favourable

heat insulation capacity. The total energy consumption in each building model of the test building and the novelly-

designed scenario 1 are in the second and third places, respectively. Furthermore, the energy consumption difference

of them for each building azimuth is relatively stable, about 12 kW·h. Although increase in the inner layer

thicknesses of walls results in storing more cool or heat energy from rooms, this method contributes to less total

energy cost in each of the building models of novelly-designed scenario 1, compared with test buildings and base

buildings, due to improvement of the heat insulation property. Furthermore, a total energy consumption difference of

approximately 100 kW·h corresponding to four wall construction types between the worst (i.e., S-W 80) and best

(i.e., N) azimuths of the buildings was achieved.
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Fig. 8.11 Total energy consumption in each of the building models with various wall type-building azimuth combinations

8.5 Validation of computational results

In this chapter, the accuracy of computational results were verified by two validation techniques. The first is

validation of air temperature accuracy, by comparing them with data obtained from field measurements. Another

accuracy validation was conducted for energy consumption, which are compared with data generated from

experimentation in a real dwelling.

8.5.1 Validation of air temperature: Ecotect versus filed measurement

For verifying the computational accuracy of air temperature from Ecotect, the computed results were compared

with the measurement data. The real building selected to perform the indoor air temperatures is base building (Fig.

8.2). As shown in Fig. 8.12, both the indoor air temperatures and outdoor temperatures from Agu 4th, 2018 to Agu

11th, 2018 were compared. The biases of these two sets of data are slight in general, especially two sets of outdoor air

temperature data. While, for the different percentage between two sets of the indoor air temperature is lager

compared with that of the indoor air temperature. The average deviation during the testing days of outdoor

temperatures is 2.1% and that of indoor temperatures is 1.4%.
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In accordance with suggestion from Reeves et al. [13] and Maamari et al. [14], the accepted percentage of bias error

should be ranged in the scope of ±15% for the simulation results to be regarded accurate. The percentages of bias

errors for two sets of air temperature data are both less than 15%, which are clearly within the accepted range.

Fig. 8.12 Comparison of air temperature from Ecotect and filed measurement

8.5.2 Validation of energy consumption: ArchiWIZARD versus real experimentation

Also, the base building was chosen as the experimental building to investigate the air conditioning energy

consumption from Agu 4th, 2018 to Agu 11th, 2018. Since the building model with five bays was selected in

simulation, the average electricity use for each bay was calculated as 20% of the total electricity use. The real

experimental dwelling in Sizhai village is facing north by east 20°. Thus, the air conditioning energy consumption

for N-E 20 in simulation was chosen baseline.

In the experimental room, it was equipped with a hanging air conditioner with variable frequency model in terms

of cooling-heating exchange (Type: F360, cooling power: 855(130-1360) W, heating power: 760 W) (Fig. 8.13),

whose level of energy efficiency is the third grade in China. The running schedule assigned to this air conditioner

was the same with that in simulation. The initial value in the electricity meter before running the air conditioner was

6.09 kW·h (Fig. 8.14), and it was read at 8:00 a.m. once a day during the experimental days. This is because after

8:00 a.m. in the morning, air conditioners were not turned on by occupants.

In can be seen from Fig. 8.15 that the percentage differences of energy consumption during the testing days

between experimentation and simulation are comparatively slight, with 2 kW·h, 4 kW·h, 3 kW·h, 1 kW·h, -3 kW·h,

1,5 kW·h on Agu 4th, 2018 to Agu 11th, respectively. The average percentage difference of energy consumption

during the testing days between experimentation and simulation is 7.8 %, which is also clearly within the accepted

range in this chapter.
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Fig. 8.13 Details of air conditioner used in the Fig. 8.14 Temperature setting of air conditioner and

experimental building in Sizhai village data collection from electricity meter

Fig. 8.15 Comparison of energy consumption from ArchiWIZARD and real experimentation

8.6 Conclusion

In this chapter, the vented cavity brick wall in the traditional dwellings situated in Sizhai vallage was researched,

for assessing its passive cooling performance. Then, the comparison of wall surface temperatures and air

temperatures, through in-situ measurements, between conventional cavity brick wall and vented cavity brick wall

was conducted, to investigate the cooling effectiveness of vented wall. Furthermore, we proposed two another new

designs for vented cavity brick wall, in consideration of thermal insulation performance. The prototype of geometric

models used to perform energy simulation was derived from the traditional dwellings in Sizhai village. Through the

building energy simulation, the most outstanding performance of wall type in terms of energy saving was

recommended to be the vented cavity wall with increased outer layer thickness.

(1) The vented walls depend on the heat pressure in air channel and the natural ventilation can realize heat

convection. This is because that the low-temperature air flows into the channel inside wall through lower vent and is
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expelled from upper vent, which is helpful for dissipating the stored heat in brick wall to exterior. Thus, the vented

wall contributes to reduction in the heat flowing through wall during summer.

(2) Except for a small proportion of the testing periods after sunrise, Tal in the case building are always greater

than Tv1 and Tv1 in the test building. The maximum air temperatures in channel and two vents always emerged at

between 15:00 p.m.-17:00 p.m.. However, the time of peak values of Tv1 and Tv1 are earlier than those of Tal.

(3) In summer, the mean indoor air temperatures for east orientations are lower than those for west orientations.

The three recommended building azimuth intervals for the buildings with four wall types are all observed for N, N-E

20, S-E 40.

(4) Regarding winter, the mean indoor air temperatures for south orientations are higher than north orientations.

The three best building azimuth intervals for the buildings with four types of walls are all observed for S-W20, S, S-

W40.

(5) The cooling energy consumption is directly proportional to the indoor air temperatures. The cooling energy

costs in all buildings with vented wall have different levels of reduction. Moreover, the novelly-designed scenario 2

consumed the least cooling energy.

(6) As opposed to cooling energy consumption, the heating energy consumption is inversely proportional to the

indoor air temperatures. Since the vents in test buildings were sealed during winter, their heating energy costs for all

building azimuths are the same with those in the base buildings. Also, the least heating energy consumption was

observed for the novelly-designed scenario 2.

(7) Among the four wall types, the maximum total energy consumption for various building azimuths always

occurs in base buildings, while the minimum values are observed for the novelly-designed scenario 2. Although

increasing the inner layer thicknesses of walls results in storing more cool or heat energy from rooms, this method

contributes to less total energy cost in each of the building models of novelly-designed scenario 1, compared with

base buildings and test buildings.

The research results are thus expected to contribute to some state-of-the-art knowledge and facilitate the further

researches on improving the passive cooling efficiency and enhancing thermal insulation property of walls in

cooling-load dominated buildings. Furthermore, based on this research, we aim at providing some advice on wall

construction design decisions to both newly-built construction and retrofit of the rural residences with various

building orientations.
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Chapter 9

Conclusion
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9.1 Research results

In chapter 1, the rural residences in China were selected as the research subjects in this work. Then the intersection

area of dwelling zone with brick-wood structure and hot summer and cold winter climate zone, which is within East

and Central China, was chosen as the research region, thanks to the substantial quantity of traditional villages

recorded in the Catalogs, high electricity use and complicated pattern of building energy consumption in the east of

China. The Sizhai traditional village located in the east of Zhejiang Province was recorded in the First Edition of

Traditional Villages’ Catalog, with large scale and well-protected conditions, was chosen as the representative house

samples for researching the energy consumption in the rural residences.

In chapter 2, the literature studies on characteristics of the traditional dwellings, impact of building azimuth on the

energy consumption, impact of shading devices with various shading depth and building azimuth combinations on

the energy consumption, and impact of shading devices with various window-to-wall ratio and building azimuth

combinations on the energy consumption, as well as impact of walls with various wall construction type and building

azimuth combinations on the energy consumption were performed in this section.

In chapter 3, the simulation model dimensions, division of building azimuth interval, division of shading depth

interval, division of window-to-wall ratio interval, design of wall constructions, design day data assumed in

simulation and selection of simulation tool were illustrated in this section.

In chapter 4, by taking the Thousand Pillars Dwelling situated in the Sizhai village as the study building,

characteristics of the traditional dwellings in the research region were analyzed. The air temperatures, relative

humidities, air velocities and illuminance in diverse parts of Thousand Pillars Dwelling were carried out to research

their effectiveness of climate adaptation. The results show that passive elements and passive spaces are effective at

mitigating the impact of outdoor climate on internal spaces, which is helpful for the Extension of Indoor Comfort

Time by 3,472 h per year.

In chapter 5, the electricity consumption of air conditioning, mechanical ventilation and artificial lighting, as well

as the total annual electricity consumption including air conditioning, mechanical ventilation and artificial lighting

were computed by software to explore the optimum building azimuth. The results show that a total annual electricity

cost difference of approximately 150 kW·h throughout a year between the best (S) and worst (N-W80) BA of the

building was achieved. By performing building azimuth measurements for all dwellings in Sizhai village, the

conclusion is that this village has a comparatively high energy saving potential.

In chapter 6, the total energy consumption, including the artificial lighting and air conditioning, in the test

scenarios with different shading depth and building azimuth combinations was demonstrated to be disparate, under
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reasonable assumptions in the energy simulation. Then the optimum shading depth was recommended for each

building azimuth interval, based on the criteria of energy cost and indoor daylighting standard. Furthermore, a new

evaluation method that assesses the energy saving potentials of buildings was proposed, taking the shading depth as

evaluation parameter.

In chapter 7, the integrated models were first erected, which were coupled the various window-to-wall ratios with

angle rotations in building azimuth, for the traditional dwellings. The total energy consumption, including the

artificial lighting and air conditioning, in the test scenarios with different window-to-wall ratio and building azimuth

combinations was demonstrated to be dissimilar. Then the optimum window-to-wall ratios were recommended for

each building azimuth interval, based on the criteria of energy cost and indoor daylighting standard. Furthermore, a

new evaluation method used for assessing the building energy saving potential was proposed, on the basis of the

evaluation parameter of window-to-wall ratio.

In chapter 8, the cavity brick walls in were set two vents (i.e., upper vent and lower vent), aiming at accelerating

their heat dissipation, as well as improving indoor thermal comforts and energy saving potentials. According to the

in-situ measurements, the vented walls have better performance in terms of the passive cooling. Furthermore, based

on the vented wall system, two novelly-designed scenarios were proposed, so as to enhance the walls’ heat insulation

property. Based on the research results, the most desirable of the wall construction type was recommended.

For facilitating to understand the research results of this work, the summaries were listed in Table 9.1 and Table

9.2. The optimum building orientation scope was observed for the S-E20, based on the 4 evaluation criteria of energy

consumption impacted by building azimuth, shading depths window-to-wall ratios and wall construction type.

Table 9.1 Summary of search results based on four building parameters

Notes: 1. (1), (2) and (3) stand for the three building azimuth intervals with highest energy saving potential in sequence. 2. 1.37, 1.62,

2.12 and 2.37 are the shading depth for the corresponding building azimuth intervals. 3. 0.2 presents the window-to-wall ratio for the

corresponding building azimuth intervals. 4. ❹ stands for the fourth designed wall type (i.e., vented cavity wall with increased outer

layer thickness ).
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Table 9.2 Summary of optimum building azimuth interval recommend in this work

9.2 Research findings

This study focuses on the impacts of building azimuth, shading device and window system on the indoor

daylighting, air temperatures and building energy consumption. The optimum building azimuth interval,

compromised depth of shading device for each building azimuth interval and compromised window-to-wall ratio for

each building azimuth interval were summarized in this work, based on the daylighting standard issued by the

Ministry of Housing and Urban-Rural Development of China, and the energy consumption performance.

9.2.1 Optimum building azimuth

The three building azimuth intervals with the highest energy saving potentials are observed for S, S-E20 and S-

E40 in sequence.

9.2.2 Optimum shading depth recommended for each building azimuth interval

The optimal SDs for S and S-E 20 are 1.37 m and 1.62 m respectively, and those for S-E 40, S-E 60, S-E 80, S-W

20 and S-W 40 are all 2.12 m, as well as those for the other 11 BAs are all 2.37 m, based on the criteria of the energy

consumption and lighting quality.

9.2.3 Optimum window-to-wall ratio recommended for each building azimuth interval

The optimal WWRs for 18 building azimuth intervals are all 0.2, based on the criteria of the energy consumption

and lighting quality.

9.2.4 Optimum wall construction type recommended for each building azimuth interval

The indoor air temperatures and energy consumption behaviors in the novelly-designed scenarios 2 (i.e., vented

wall with increased outer layer thickness) were the most desirable.

Designation Building azimuth Shading depth Window-to-wall ratio Wall construction
Optimum
building
azimuth
interval

Optimum
building
azimuth
interval

based on the
4 parameters
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9.3 Contributions

Since the building energy saving can be achieved by selecting optimum building orientation, shading device with

a proper depth and appropriate glazing area on the facade, this study results aim at providing some references on

building azimuth’s, depth of shading device’s and window-to-wall ratio’s determination to both newly-built

constructions and to retrofit projects of the rural residences.

Furthermore, three evaluation parameters based on building azimuth, shading depth and window-to-wall ratio

were proposed, for the sake of supplying some new approaches to estimate the energy saving potential of a building.

Moreover, the traditional dwellings as case studies in this work, can supply some new bodies of knowledge to fill in

the gap of this field.

9.3.1 Application of optimum building azimuth to both newly-built buildings and existing buildings

(1) Newly-built buildings: the optimum building orientations were recommended for them in the design phase,

which are located in the research region.

(2) Existing buildings: the evaluation of the energy saving potential at village scale can be conducted, by

measuring all the existing building’s building azimuth in the target village.

9.3.2 Application of optimum shading depth to both newly-built buildings and existing buildings

(1) Newly-built buildings: the optimum shading depths were recommended for them with different building

orientations in the design phase, which are located in the research region.

(2) Existing buildings: the evaluation of the energy saving potentials can be conducted for them, based on the

evaluation parameter of shading depth.

9.3.3 Application of optimum window-to-wall ratio to both newly-built buildings and existing buildings

(1) Newly-built buildings: the optimum window-to-wall ratios were recommended for them with different

building orientations in the design phase, which are located in the research region.

(2) Existing buildings: the evaluation of the energy saving potentials can be conducted for them, based on the

evaluation parameter of window-to-wall ratio.

9.3.4 Application of optimum wall construction type to both newly-built buildings and existing buildings

(1) newly-built buildings, the optimum all construction is recommended for each of them with different building

orientations, which are located in the research region.

(2) existing buildings: some suggestions on improvement of walls’ thermal insulation can be supplied for existing

buildings.
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