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in China’s Cold-Winter Hot-Summer Climate 3 

Regions 4 
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Abstract: A courtyard is a traditional and popular construction feature found in China’s urban 10 
buildings. This case study evaluates the performance of the traditional courtyard design of the 11 
Jiangnan Museum, located in Jiangsu Province. In the evaluation, the spatial layout of courtyards is 12 
adjusted, the aspect ratio is changed, and an ecological buffer space is created. To model and 13 
evaluate the performance of the courtyard design, this study applied the CFD software PHOENICS 14 
for wind environment simulation, and EnergyPlus-based software DesignBuilder for energy 15 
simulation. Results show that a good combination of courtyard layout and aspect ratio can improve 16 
the use of natural ventilation by increasing free cooling during hot summer and reducing cold wind 17 
in winter. The results also show that ecological buffer areas of a courtyard can reduce cooling loads 18 
in summer by approximately 19.6% and heating loads in winter by approximately 22.3%. The study 19 
provides insights into the optimal design of a courtyard to maximize its benefit in regulating the 20 
microclimate both during winter and summer. 21 

Keywords: courtyard design; ecological effect; layout; aspect ratio; ecological buffer area 22 
 23 

1. Introduction 24 

In traditional Chinese architectural design, construction typologies associated with human 25 
needs—including shelter, work, and rest—were structured around an open space, usually called a 26 
courtyard. The courtyard is an ancient concept, where interior spaces are distributed around a central, 27 
open space. Courtyards are still used today around the world, taking advantage of local climate 28 
characteristics. They remain a traditional building component in Asia, the Middle East, South 29 
America, and Mediterranean countries [1–5]. Jang and Ham [6] conducted a study of courtyard-type 30 
apartments in South Korea, reviewing the layout, access, and number of the courtyard story. Han, et 31 
al. studied the courtyard-integrated ecological system in China and its important economic-32 
environmental benefit [7]. Sun [8] investigated the traditional courtyard space and studied the 33 
impacts of natural elements such as light, water, and soil on the traditional dwellings in southern 34 
Anhui Province and Jiangsu, Zhejiang and Fujian provinces. Courtyards have contributed to 35 
improved micro-climates, creating comfortable interior spaces. Several researchers have shown that 36 
courtyards can have significant impacts on the thermal comfort and performance in buildings [9,10]. 37 
Ghaffarianhoseini et al. analyzed the thermal characteristics of unshaded courtyards in the hot and 38 
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humid climates of Malaysia with ENVI-met software [11]. Adi et al. studied different natural 39 
ventilation approaches in eight student rooms in a residential college building with an internal 40 
courtyard arrangement [12]. In the Dariya Dwellings, part of a United Nations experimental project 41 
in Saudi Arabia, Fathy applied the traditional internal courtyard model to create an area protected 42 
from the dry and hot climate, making use of shades to provide architectural cooling [13]. Taleghani 43 
et al. studied heat in urban courtyard microclimates in the Netherlands, providing evidence of their 44 
promise as strategies for cooling cities [14]. Jara et al. studied the thermal microclimate by 45 
characterizing the air temperature drop in courtyards through monitoring campaign [15]. Martinelli 46 
presented a numerical analysis of the thermal comfort of courtyards in Italian climate zones and 47 
considered the effects of height/width proportions, finding results that can have a stabilizing effect 48 
on thermal comfort for both winter and summer seasons [16]. Micallef et al. [17] researched the 49 
influence of courtyard height on the cross-ventilation of a room abating a courtyard building. Mousli 50 
and Semprini conducted a case study in Damascus to analyze thermal performances of traditional 51 
houses in hot, arid climates in the area [18]. Fernandez et al. identified and proposed a geographic 52 
information system (GIS)-based exploration of relationship between aspect ratio of inner courtyards, 53 
porosity of urban fabric and climatic factors [19].  54 

Courtyard spaces can provide climatic protection and building buffer areas that can regulate 55 
local microclimates and passively reduce building energy consumption [20–25]. For example, 56 
Muhaisen and Gadi analyzed the effect of courtyard proportions on solar heat gain and energy 57 
requirements in the temperate climate of Rome [26]. Vaisman and Horvat analyzed the influence of 58 
internal courtyards on energy load and hours of illuminance in row houses in Toronto, Canada, to 59 
develop performance and design information [27]. Yasa and Ok [28] evaluated the effects of 60 
courtyard building shapes on solar heat gain and energy efficiency in various climate regions. Al-61 
Masri et al. [1] simulated the environmental performance of courtyard-type housing in midrise 62 
buildings for an environmental assessment by analyzing the energy cost and daylight, considering 63 
materials of the courtyard in hot-arid climate. Zhu [29,30] and Liu [31] researched the ecological 64 
strategy of traditional dwellings (e.g., simulating indoor thermal environments in traditional civil 65 
dwellings during summer in Anhui Province and a study of the wind movement in traditional 66 
quadrangle courtyards. In addition, Xu and Luo [32] studied passive cooling techniques in traditional 67 
civil dwellings and conducted qualitative and quantitative evaluations of the wind and thermal 68 
environment in traditional civil dwellings, using ecological simulation software. Yang also conducted 69 
a simulation-based analysis of a courtyard in Beijing, analyzing courtyard surface temperature 70 
distribution, to develop effective methods for mitigating or managing the micro-heat-island effect 71 
[33]. Sadafi et al. [34] evaluated the thermal effects of internal courtyards in a tropical terrace house 72 
by computational simulation [35–37].  73 

Current studies generally focus on filed measurements and simulation-based analysis for 74 
existing courtyards by considering passive ventilation, thermal comfort, and energy saving. Previous 75 
studies of the ecological effects of courtyards use the simulation analysis of traditional Chinese 76 
courtyards and lack sufficient consideration on how to build a desirable micro-climate environment 77 
for newly planned and designed courtyard buildings. More insight and guidance are needed to 78 
regulate and control different factors that influence the thermo-environment of courtyards in the 79 
design phase [38–40]. This study uses the design phase of Jiangnan Museum as a case study. 80 
According to the original design parameters, this study proposes an improved design considering 81 
the courtyard layout, the aspect ratio, and the ecological buffer area. The PHOENICS software for 82 
wind environment simulation and the EnergyPlus-based software DesignBuilder for energy 83 
consumption simulation are employed based on the physical parameters of courtyards.  84 

This study: 85 
(1) Proposes courtyard design strategies in terms of layout, aspect ratio, and ecological buffer 86 

areas in China’s cold-winter hot-summer climate region. 87 
(2) Evaluates the impact of proposed design on the outdoor and indoor ventilation, thermal 88 

comfort, and energy efficiency of courtyards. 89 
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(3) Provides insights for courtyard design considering local climate, courtyard geometry, and 90 
micro-ecological impact. 91 

2. Method for Courtyard Design Optimization 92 

2.1. Research Framework 93 

China spans a variety of geographic latitudes. Courtyard design must take into account, and 94 
respond to, various natural and cultural environments and local conditions and climates [41]. Upon 95 
those, this study applied a methodological framework consisting of field investigation, design 96 
parameters selection, simulation models, and results evaluation of design alternatives, which is 97 
shown in Fig. 1. In field investigation, this study gave an overview of weather conditions, typical 98 
forms of the courtyard in Southern Jiangsu Province, and case study information of Jiangnan 99 
Furniture Museum. Secondly, based on an initial design of courtyard, this study proposed improved 100 
design strategies with consideration of layout, aspect ratio, and an ecological buffer area. In the 101 
simulation process, two typical software, EnergyPlus-based DesignBuilder for energy use and 102 
PHOENICS for building wind environment simulation, were applied in typical summer and winter 103 
seasons to compare field wind speed, and the impact of ecological buffer area on room natural 104 
temperature and energy use. Finally, recommendations were made with some design strategies for 105 
the design phase of future courtyards.  106 

  107 

Fig 1. Overview of research approach and workflow of this study. 108 

2.2. Field Investigation 109 

Jiangnan Furniture Museum, designed by Academician Jianguo Wang of Southeast University, 110 
is a large building complex located in Yixing, a city famous for its history and culture in southern 111 
Jiangsu Province. Southern Jiangsu Province features crisscrossed rivers and lakes, a large 112 
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population, and relatively high building density with relatively little land. The museum is located to 113 
the west of Qiansu Marsh, and is blessed with flat terrain, a graceful environment, and a superior 114 
geo-location and traffic location. The total planned construction area of the Jiangnan Furniture 115 
Museum complex is about 84,470 m2. Its eastern side contains the main body of the museum—a site 116 
area of about 57, 802 m2 including the Furniture Museum, Red Stoneware Museum, Sundry 117 
Exhibition Hall, and the Expert Buildings. Its western side is used for supportive commercial 118 
facilities, covering an area of about 26, 668 m2. Fig. 2 shows the layout of the Jiangnan Furniture 119 
Museum complex and the Expert Buildings. T black dotted area is the research scope of this study.  120 

Field investigation and data collection for the building project provided an initial understanding 121 
of its geo-location, cultural condition, natural endowment, and physical parameters related to the 122 
local courtyard design (e.g., local temperature, humidity, wind direction, solar radiation, and other 123 
climatic parameters). Southern Jiangsu Province is a typical area, hot in summer and cold in winter. 124 
Summer daytime temperatures range from 30℃ -35℃  with temperature highs of 37℃ -39℃ , 125 
occasionally up to 40℃, and a winter temperature range of -10℃-5℃. The dominant wind directions 126 
in winter and summer are different: a north wind in winter and a southeast wind in summer. 127 
Reducing heat in summer and retaining heat in winter are key goals for local building design [42]. In 128 
regions with a cold winter and a hot summer, courtyard design against summer and winter should 129 
take into consideration conditions of extreme hot and cold seasons together, and it is possible to 130 
propose a courtyard design solution which is comfortable and energy-efficient both in winter and 131 
summer by reasonably settling building ventilation and courtyard distribution. Therefore, hot-132 
summer and cold-winter climate characteristics should be considered first of all on the thermal 133 
environment and energy efficiency of traditional courtyards in southern Jiangsu Province [38]. 134 

 135 

Fig 2. The layout of Jiangnan Furniture Museum complex and Expert Building area (black dotted 136 
line). 137 

 138 

 139 
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2.3. Courtyard Design Optimization 140 

Courtyard layout influences building heat gain from solar radiation, and a natural ventilation 141 
system incorporating the courtyard area influences the convective heat transfer in residential areas 142 
[43]. However, most designers put more emphasis on the visual effect of peripheral landscapes and 143 
the layout of spaces with different functions, with little attention to ventilation in courtyard buildings 144 
and how to improve the thermal environment of courtyards. To fill this research gap, this study used 145 
the Expert Building area of Jiangnan Furniture Museum as a case study—a typical model of the “two 146 
halls and one courtyard” design type, to demonstrate, through numerical simulations, the 147 
performance-based evaluation of courtyard design integrating the ecological effects.  In southern 148 
Jiangsu Province, the northern wind is piercingly cold in winter while it is hot and humid in summer. 149 
In addition, it is extremely hot and humid in the Plum Rain Season. Natural ventilation can remove 150 
the residual heat and moisture from buildings in hot seasons and improve the comfort of dwelling 151 
spaces. The active wind field can bring in the fresh air and help to discharge indoor air, thus 152 
promoting human physical and mental health.  153 

Therefore, the courtyards should consider such natural conditions and make full use of passive 154 
ventilation and natural lighting to meet the daily use requirement of buildings as well as reduce the 155 
heating, ventilation, and air conditioning systems’ energy consumption. In this study, research on 156 
the traditional Chinese quadrangle dwellings prototype is applied. During modeling, the central yard 157 
of a quadrangle dwelling was placed on one side, its backyard removed into a reverse setting with a 158 
three-section compound. Next, a small-scale courtyard space was added, to enrich the form of 159 
courtyard space. Third, rich spatial layers were built in connection with the landscape view and with 160 
the use of the grey and white walls. 161 

Scheme generation and evaluation were conducted using the simple ecological principle of the 162 
traditional courtyards to regulate the micro-climate. Impact analyses were also conducted to 163 
determine the effects of spatial layout and courtyard aspect ratio on wind environment and the 164 
impacts of the ecological buffer space on the thermal environment of courtyards. 165 

2.3.1. Adjusting Spatial Layout of Courtyards 166 

Orientation has a direct impact on the ecological effect of courtyard buildings. A reasonable 167 
spatial layout of a courtyard can control solar heat. Moreover, the natural ventilation system of a 168 
courtyard controls convective heat transfer. Designers tend to put emphasis on the layout between 169 
the peripheral landscape environment and the plane function of courtyards, but pay little attention 170 
to their ventilation effect. Ecological effects of courtyard layout have not yet been systematically 171 
studied [1,44].  172 

This study attempts to adjust courtyard orientation of the Expert Building Area of the Jiangnan 173 
Furniture Museum, to ascertain the ecological effect of its spatial layout. As shown in Fig 3, in the 174 
initial design, the entire courtyard opening of the Expert Building faces west; enclosure strength on 175 
the northwestern corner is not high. In the improved design, the courtyard is opened toward the 176 
southeast to maximize ventilation in summer using wind pressure—and it closes access toward the 177 
northwest to avoid cold winter wind currents. In further refinements, to meet other basic 178 
requirements, the courtyard opening is adjusted to face the east, and the enclosure degree on the 179 
northwestern corner is increased, which improves the courtyard wind environment compared with 180 
the initial design. 181 



Sustainability 2018, 10, x FOR PEER REVIEW  6 of 22 

 182 

Fig 3. Courtyard’s spatial layout: initial design (left), improved design (right). 183 

2.3.2. Adjusting Aspect Ratio of Courtyards 184 

Residential buildings in southern Jiangsu Province are generally very tall, and have narrow 185 
patios on the backside with a large height-to-width ratio. This kind of design can use two types of 186 
forms:  187 

1) A combination of two courtyards: the southern bigger one and the northern smaller one—in 188 
transitional seasons, wind flows toward the rear patio through the narrow corridor and the house 189 
due to wind pressure in the horizontal direction 190 

2) A type of layout with a larger height-width ratio, which can increase the “chimney effect” in 191 
the rear patio and increasing ventilation. 192 

The two types supplement each other to achieve a better ventilation effect. The superior effect 193 
of natural ventilation of traditional courtyards in southern Jiangsu Province is closely related to the 194 
aspect ratio of the spatial layout of the courtyards. In the process of courtyard design, the designer 195 
tends to emphasize spatial effect and landscape view, but pay little attention to the ventilation effect, 196 
so that height-width ratio improvement of courtyards is usually ignored.  197 

This study conducted a simulation analysis of the layout and ratio scale of the front and rear 198 
courtyards of the south-to-north house on the northernmost side of the Expert Building Area. The 199 
courtyard in front of the house in the initial design has a large depth. Therefore, the ratio scale of the 200 
patio behind the house is changed in the improved design, including (1) the depth of the courtyard 201 
to the south of the house is increased moderately to facilitate wind-driven ventilation; (2) to the north 202 
of the house, the patio is enclosed with a solid wall to enable the thermal pressure to induce the wind. 203 
This study tentatively applies the ecological strategy of enclosing the patio behind the house in the 204 
improved design, as shown in Fig. 4. 205 
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Fig 4. Illustration of the initial design and the improved design. 207 

2.3.3. Adjusting Ecological Buffer Spaces  208 

The micro-climate regulation function of ecological buffer space is that (1) a climatic buffer area 209 
with a gradient difference is set up between the building and its surroundings so that the impact of 210 
various extreme climatic effects on the indoor environment can be reduced to a certain extent; and 211 
(2) the exchange of climatic factors between the outside and the inside of the building can be 212 
regulated. This climatic-critical space can not only meet users’ various demands of physiological 213 
comfort but also promote the adaptability of the human body to climatic changes.  214 

The design of a suitable ecological buffer space is significant in the control of solar radiation. In 215 
summer, the ecological buffer space is open to the outdoor environment. Owing to its sheltering effect 216 
on solar radiation, the initial indoor air temperature is lower than the outdoor temperature. When 217 
outdoor temperature rises, air flow rate will increase due to the thermal convection between the 218 
internal and external air, thus, cooling the external wall of the indoor spaces. On the other hand, 219 
rooms are connected through the ecological buffer space, so that each indoor space reduces in size 220 
and becomes a “shade island;” the indoor area that needs to be conditioned is reduced considerably. 221 
In winter, owing to the low solar altitude, sunshine can directly reach the internal and external walls. 222 
If the traditional ecological buffer space is improved by closing it with transparent and thermally 223 
insulating materials (like double glazing), the solar radiation produces a greenhouse effect. The 224 
enclosed ecological buffer space is heated, thus, increasing temperatures of the internal building 225 
surfaces and reducing the heating load.  226 

To evaluate the effect of the ecological buffer space, this study considered the effects of its 227 
treatment under different circumstances in winter and summer on building energy consumption. The 228 
initial design gave little consideration to the micro-climate regulation function of the ecological buffer 229 
space of courtyards and lacked a variability consciousness to the boundary treatment of courtyard. 230 
Also, the initial design completely mixed the buffer spaces and the indoor spaces, and segmented 231 
indoors and outdoors with a glass curtain wall so that the micro-climate regulation function of 232 
courtyards could not be used effectively. In the improved design, buffer spaces from the initial design 233 
were adjusted, and the boundary was clarified using buffer spaces (i.e., room and corridor, balcony 234 
and sunshade terrace on the plane), so that the ecological buffer spaces could have a certain spatial 235 
form. Also, a buffer space was added for the south-facing rooms, which is opened in summer and 236 
closed in winter, as shown in Fig 5. 237 
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Fig 5. The ecological buffer spaces: initial design (left), improved design (right). 239 

2.4. Details of Simulation Model 240 

To test the performance of the courtyard under the initial and improved designs, this study 241 
applied wind environment simulation using the PHOENICS software and the energy consumption 242 
simulation using the DesignBuilder software. PHOENICS is a general-purpose commercial CFD code 243 
which is applied to steady or unsteady one-, two-, or three-dimensional turbulent or laminar, multi-244 
phase, compressible or incompressible flows. In this study, it was used to simulate wind movement 245 
in both the initial design and the improved design to assess the impact of layout and ration scale of 246 
the courtyard on the ventilation. DesignBuilder is an advanced modeling tool using EnergyPlus as 247 
the calculation engine that provides an easy-to-use interface enabling development and evaluation 248 
of comfortable and energy-efficient building designs from the concept through completion. This 249 
study used DesignBuilder to simulate the cooling and heating loads with typical weather data for the 250 
initial and improved designs of the courtyard. 251 

The Expert Building area of Jiangnan Museum was selected as the “two courtyards and one hall” 252 
type layout. Fig. 6 shows the simulation model developed in this study. Table 1 lists the parameters 253 
for the simulation models. In the typical weather data, the wind in south regions of the Yangtze River 254 
is mainly the southeast direction. The outside wind speed was selected as 3.2 m/s. Two orientations 255 
were simulated by locating the courtyard east and west, respectively. In the natural room 256 
temperature (free-floating temperature) and energy simulation, this study selected the three 257 
bedrooms as the target area and conducted simulations in January (coldest month) and July (hottest 258 
month). The simulation step is one hour. 259 
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Fig. 6. The simulation model of the courtyard building. 263 

Table 1. Simulation parameters settings. 264 

Basic physical information 

Total area and volume  798.58 m2 and 3467.052 m3 
Room 1 Lounge room, 19.90 x 7.00 x 3.90 (m) 
Room 2 Dining room, 11.20 x 4.30 x 3.90 (m) 
Room 3 Bedroom, 16.60 x 5.80 x 3.90 (m) 
Weather condition Typical outside weather condition  
Pressure Standard pressure (101.3kPa) 
Wind Profile simulation settings in PHOENICS 
Grid  150 (X) x 180 (Y) x 50 (Z) 
Turbulence model k-ε model standard model 

Residuals of convergence 
Continuity, momentum, turbulent kinetic 10-4 
Energy turbulent dissipation rate 10-6 

Number of simulation 
iterations 

10000 

Energy simulation settings in DesignBuilder  

Simulation period Winter: January 1 to 31; summer: July 1 to 31 
Simulation step 1 hour 
Type of air conditioning Split-type air-conditioners 
Occupancy for room 0.0167 person/m2 

Occupancy schedule DesignBuilder default schedule for room type 

Thermal setting 
Summer: 26 ℃ 
Winter: 22℃ 

Ventilation ASHRAE Standard 62, 0.0038 m3/(s·person) 
Shape coefficient of building ＞0.4 
Thermal inertia index (D) ＞2.5 
Window-wall ratio North: 0.4; South: 0.45 

Heat transfer coefficient 
W/(m2·K) 

Window: 2.5  
Wall: 1 
Roof: 0.6 

Window shading coefficient 0.4  

3. Results of performance evaluation 265 

3.1. Results of Adjusting Spatial Layout of Courtyard 266 

During the simulation, it was indicated that the southeastern wind with a southward deflection 267 
degree of 19° is the dominating wind in summer and the northwestern wind with a northward 268 
deflection degree of 15° is the dominating wind in winter in the region to the south of the Yangtze 269 
River. During the simulation calculation, the height of 1.2 m was selected to describe wind profiles. 270 
The direction of summer monsoon was selected as the southeastern wind, with a wind speed of 271 
3.2m/s; the direction of winter monsoon was selected as the northwestern wind, with a wind speed 272 
of 3.1m/s, and selected the urban area of cities as the underlying surface. Under the same conditions 273 
of parameter calculation, PHOENICS was used to simulate the outdoor state of wind environment. 274 
Fig. 7 and 8 show wind simulation results. 275 

Fig 7 show that, in the initial design, the building is enclosed in the southeast direction of the 276 
windward side in summer, and the entire courtyard is in the large wind shade area, shaded by the 277 
enclosed building. The average wind speed in the courtyard is about 0.5m/s. In the improved design, 278 
the entire layout of the courtyard building is low in the southeast and high in the northwest. The 279 
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courtyard faces east; the summer monsoon directly blows into the courtyard from the southeast 280 
direction, inducing cross ventilation. In the improved design, the wind speed at the opening can reach 281 
1.75m/s, which shows a speed comfortable for occupants.  282 

Next, the impact of the courtyard layout on the wind field in winter was considered. As inferred 283 
from Fig. 8, in the initial design, the building on the windward side in winter is low and does not 284 
have a high degree of enclosure. The highest wind speed at the opening can reach 2m/s. The average 285 
wind speed in the courtyard is 0.75 to 1 m/s, a speed that occupants will feel and may be 286 
uncomfortable in winter. In winter, the cold current blows from the northwest to the courtyard 287 
building. The degree of the enclosure on the northwestern corner is high, and that corner becomes 288 
the wind screen of the courtyard. Average wind speed in the courtyard is about 0.25 to 0.5m/s, 289 
conducive to the thermal insulation and energy saving of the courtyard building. 290 

Wind environment simulations of the initial design and the improved design in winter and 291 
summer show that the courtyard orients to the southeast and is closed to the northwest. This 292 
information can help to guide other designs of courtyards in the region to the south of the Yangtze 293 
River.  294 

  295 

  296 

Fig 7. The sectional plan of the wind speed contour of the courtyard in summer under the initial 297 
design (top) and improved design (below). 298 

  299 
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Fig 8. The sectional plan of the wind speed contour of the courtyard in winter under the initial design 301 
(top) and improved design (below). 302 

3.2. Results of Adjusting Aspect Ratio of Courtyard 303 

Based on different considerations of its northern enclosing walls, in the initial design, the 304 
northern enclosing wall of the house is low, and there is no rear patio space, while in the improved 305 
design, the northern enclosing wall of the house rises, and there is a rear patio. This study analyzed 306 
the impact on the indoor wind environment under different meteorological conditions in the two 307 
designs in both winter and summer. 308 

The same climate parameters and simulation software mentioned in Section 3.1 is used to 309 
improve the aspect ratio of the courtyard. Evaluation results of the summer monsoon environment 310 
from Fig. 9 show that the northern enclosing wall is low, the patio is too low, and the effect of thermal 311 
pressure inducing the wind is weak in summer in the initial design. Therefore, the improved design 312 
raises the northern enclosing wall, together with the roof eave, forming a rear patio. In summer, the 313 
air at the opening of the rear patio rises after being heated and pulls the air from the bottom of the 314 
patio upward, so that the thermal effect increases ventilation. In the improved design, the wind speed 315 
in the rear patio space ranges from 0.5 to 1.0 m/s, within the human comfort range.  316 

  317 

  318 

Fig 9. The sectional plan of the wind speed contour in summer under the initial design (top) and 319 
improved design (below). 320 
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  322 

Fig 10. The sectional plan of the wind speed contour in winter under the initial design (top) and 323 
improved design (below). 324 

Evaluation results of winter wind environment from Fig. 10 show that the northern enclosing 325 
wall is low in the initial design. The wind blows from the northwest to the building in winter, and 326 
there is no necessary obstruction on the northern side. This leaves the entire courtyard building 327 
vulnerable to the high-speed cold air, which reduces thermal insulation in the residential 328 
environment. After the northern enclosing wall is raised and improved, most of the cold wind is 329 
obstructed—the indoor wind speed of the building on the northern side declines tremendously in 330 
comparison with the wind speed in the initial design, thus ensuring a desirable thermal environment 331 
in winter. The comparative analysis of the wind environment in the initial design and the improved 332 
design in winter and summer shows that a solid wall to enclose a patio on the northern side of the 333 
house increases ventilation due to the interplay of both wind and thermal pressure. In addition, 334 
enclosing the patio with a solid wall on the northern side of the house can help to keep cold wind 335 
from penetrating indoor spaces in winter.  336 

3.3. Results of Adjusting Ecological Buffer Space of Courtyard 337 

To study the impact of the buffer space on the ecological climate of a courtyard, tenergy 338 
consumption in the initial and improved designs were evaluated under different climatic conditions 339 
(winter and summer). his study simulated the indoor air temperature of courtyard building without 340 
air system to validate natural indoor air temperature under improved and initial designs under 341 
different climatic conditions (winter and summer). Also, this study simulated energy consumption 342 
in the initial and improved designs were evaluated if air-conditioning systems are applied to 343 
eliminate building loads under different climatic conditions (winter and summer). Comparative 344 
statistics of the day-by-daydaily natural average natural temperature and air-conditioning load in 345 
the hottest month (July) and the coldest month (January) were reviewed presented for Room 1, Room 346 
2, and Room 3, which are showed in Fig. 11 and 12. Table 2 also summarizes the results of average 347 
natural room temperature, peak load, and total load of three rooms in summer and winter from the 348 
simulation. . In summer, the improved design opens the ecological buffer space wide. As shown in 349 
Fig. 11, Room 1 and Room 2 did not consider the ecological buffer effect in the initial design, and the 350 
indoor natural temperature in summer is higher than that of the improved design, which conducts 351 
opening treatment to the buffer space. In the initial design, Room 1 connects to the corridor space, 352 
hallway, and other usable spaces. Its large-area glass curtain wall in the corridor space completely 353 
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isolates the indoors from the outdoors but creates a large air-conditioning load [45]. In the improved 354 
design, the ecological buffer space of courtyard is adjusted to open the corridor space wide. Some 355 
buffer spaces are additionally built on the southern side of Room 1 and the effect becomes more 356 
obvious after improvements. The results show that at the beginning of the hottest month (from 1st to 357 
9th, July), the outdoor air temperature is relatively low, the temperature results in initial design and 358 
improved design are very close. On the remaining days, the improved design can reduce temperature 359 
of courtyard around 1 ℃. In winter, the improved design closes all ecological buffer spaces. Fig. 13 360 
shows, when ecological buffer spaces are closed in winter, the air in the buffer spaces would 361 
continuously heat up due to solar radiation, with a higher room temperature than that of the practice 362 
of partially open buffer spaces in the initial design. For example, the average room temperature in 363 
Room 1 in the improved design is 1℃ higher than that in the initial design. As showed in Table 2, 364 
results show that the average natural room temperature in Room 1 can be reduced by about 1 ℃ and 365 
increased by about 2℃ , in summer and winter, respectively; while the average natural room 366 
temperature in rooms 2 and 3 can reduce a little compared with the initial design in summer, while 367 
in winter the improved design can increase 1.4 and 2.2 ℃ in Room 2 and 3, respectively.[WW1] 368 

 369 
Fig. 11. The average nature temperature results for three rooms in summer for initial design, 370 
improved design, and outdoor air.  371 

372 
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Fig. 12. The average nature temperature results for three rooms in winter for initial design, 373 
improved design, and outdoor air. 374 

  375 
Fig. 13. The energy use for thermal loads in rooms 1, 2, and 3 in summer under initial design and 376 
improved design. 377 

  378 
Fig. 14. The energy use for thermal loads in rooms 1, 2, and 3 in winter under initial design and 379 
improved design. 380 

Fig. 13 shows energy use for cooling, which indicates the improved design can reduce the energy 381 
use for cooling. Fig 14 shows that enclosing the buffer space in winter can achieve overall energy 382 
saving in the courtyard building. Table 2 summarizes the results of average natural room 383 
temperature, peak load, and total load of three rooms in summer and winter from the simulation. 384 
Results show that the average natural room temperature in Room 1 can be reduced by about 1 ℃ 385 
and increased by about 2℃, in summer and winter, respectively; while the average natural room 386 
temperature in rooms 2 and 3 can reduce a little compared with the initial design in summer, while 387 
in winter the improved design can increase 1.4 and 2.2 ℃ in Room 2 and 3, respectively. Peak cooling 388 



Sustainability 2018, 10, x FOR PEER REVIEW  16 of 22 

load and the total cooling load in summer in Room 1 are reduced by 12.4% and 25.09%, respectively; 389 
35.7% of peak heating load and 36.1% of total heating load can be saved in winter. In Room 2, the 390 
improved design saves 1.8% and 8.8% of peak and total cooling load, respectively in summer. 391 
However, in winter, the improved design couldn’t save energy and has a very similar performance 392 
with the initial design. In Room 3, the improved design reduces 6.2% and 10.7% of peak and total 393 
cooling load, respectively in summer, and reduces 14.7% and 12.8% of peak and total heating load, 394 
respectively in winter, when compared with the initial design. Considering the total performance of 395 
the three rooms, the improved courtyard design can save about 19.6% of cooling loads in summer 396 
and about 22.3% of heating loads in winter, proving that the improved courtyard design scheme can 397 
improve performance and reduce energy use. 398 

  399 
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Table 2. Performance results in the three rooms in summer and winter. 400 
   Room 1 Room 2 

   
Initial 
design 

Improve
d design 

Reduce/ 
increase 

Initial 
design 

Improve
d design 

Reduce/ 
increase 

Su
m

m
er

 

Average natural room 
temperature (℃) 

35.0 34.0 1 34.1 33.4 0.7 

Peak cooling load 
(kWh) 

148.8 130.3 12.4% 33.1 32.5 1.8% 

Total cooling load 
(kWh) 

2409.8 1805.1 25.09% 558.8 509.6 8.8% 

W
in

te
r 

Average natural room 
temperature (℃) 

3.2 5.2 2 4.4 5.8 1.4 

Peak heating load 
(kWh) 

193.7 124.6 35.7% 52.5 53.3 -1.5% 

Total heating load 
(kWh) 

3600.7 2297.5 36.1% 1107.8 1126.0 -1.6% 

   Room 3 Total  

   
Initial 
design 

Improve
d design 

Reduce/ 
increase 

Initial 
design 

Improve
d design 

Reduce/ 
increase 

Su
m

m
er

 

Average natural room 
temperature (℃) 

34.3 33.7 0.6 - - - 

Peak cooling load 
(kW) 

53.2 49.9 6.2% - - - 

Total cooling load 
(kW) 

823.9 735.4 10.7% 3792.5 3050.1 19.6% 

W
in

te
r 

Average natural room 
temperature (℃) 

2.8 5.0 2.2- - - - 

Peak heating load 
(kW) 

116.2 99.1 14.7% - - - 

Total heating load 
(kW) 

2453.3 2140.4 12.8% 7161.8 5563.9 22.3% 

Note: reduce (%) = (initial design – improved design) / initial design 

This study compared the different design strategies for different climatic conditions in winter 401 
and summer. Looking at both ecological buffer space and energy consumption simulation results for 402 
the initial design, it is clear that installing operable glass curtain walls in such buffer spaces as corridor 403 
and passage, opening them wide to dissipate heat in summer and close them to preserve heat in 404 
winter, and using additional buffer spaces for the south-facing house improves expected 405 
performance. In real projects, attention should be paid to the impact of the ecological buffer space of 406 
courtyard on energy consumption. 407 

4. Discussion 408 

In the development and evolution of traditional courtyards in southern Jiangsu Province, a series 409 
of relatively mature and simple ecological strategies that suit regional features have emerged. 410 
However, there are still many issues that arise when bringing this traditional courtyard design 411 
element into the modern architectural design. These issues include insufficient mastery of the spatial 412 
layout of traditional courtyards and ignorance concerning reasonable applications of ecological 413 
buffer spaces. This study focused on suitable strategies to affect and improve courtyard thermal 414 
environments. The Expert Building area of Jiangnan Furniture Museum serves as a case study to 415 
qualitatively analyze traditional ecological techniques. The environmental simulation software 416 



Sustainability 2018, 10, x FOR PEER REVIEW  18 of 22 

PHOENICS and the energy simulation software DesignBuilder were used to conduct quantitative 417 
analysis.  418 

From the analysis of the wind environment simulation results, the initial design, and the 419 
improved design, in winter and summer, several suggestions arise for the design phase:  420 

1) Adjust the spatial layout of courtyards to maximize natural ventilation for free cooling in 421 
summer and to prevent/minimize cold wind in winter. Courtyard buildings can be oriented 422 
with opening toward the southeast to guide summer wind-pressure-driven ventilation and 423 
with closure toward the northwest to avoid cold current in winter 424 

2) Adjust the aspect ratio of the courtyard based on the impact of the depth and height-width 425 
ratio of the front and rear courtyard on natural ventilation. The aspect ratio of courtyard 426 
can be determined on the basis of other functions. When combining the front and rear 427 
courtyard, it is recommended to moderately broaden the depth of the front courtyard and 428 
reduce the depth of the rear patio to promote wind-pressure-driven ventilation. Also, it is 429 
advised to moderately increase the height of the rear patio to promote the combined 430 
ventilation driven by both the wind pressure and thermal pressure. A further suggestion is 431 
to moderately increase the height of the enclosing wall on the northern side to form a rear 432 
patio, to resist the cold northwestern wind in winter 433 

3) Build the ecological buffer space to consider its micro-climate regulating function and the 434 
impact of the opening and closing form of the ecological buffer space on energy use. 435 
Adjusting the ecological buffer space of courtyard should also meet other functions. 436 
Boundaries between the usable indoor rooms and the corridor can be determined to 437 
separate balcony from other buffer spaces. It is recommended to install operable and 438 
closeable glass on their lateral side to keep them opened in summer so that the buffer spaces 439 
are open wide for sunshade and cooling, while keeping them closed in winter so that the 440 
buffer spaces are closed tightly to preserve heat and save energy. 441 

Although three design parameters were evaluated with simulation models in this study, the 442 
study has some limitations. Firstly, the case study focuses on the integrative courtyard type in 443 
southern Jiangsu Province, while extending results of this study to other courtyard types or other 444 
climate regions should take into consideration local culture, climate, courtyard form, etc. Secondly, 445 
this study is a preliminary phase of the mono-climatic regional analysis. The study of the ecological 446 
strategy of the quadrangle type in northern China, the patio type in southern China, and other types 447 
of courtyards which suit different regions need to be studied further. The discussion of the ecological 448 
strategy of courtyards focuses on building a suitable residential thermal environment. The impact of 449 
the ecological strategy of courtyards on other aspects (e.g., cultural impact) was not discussed in this 450 
study. Meanwhile, for thermal comfort validation of courtyard building, future works should take 451 
into consideration more variables (e.g. indoor air velocity, mean radiant temperature, humidity of 452 
indoor air, metabolic rate, clothing insulation, so on) to assess human comfort inside courtyard 453 
buildings [46]. Also, more comfort indices should be further investigated in the future work, such as 454 
the impact of courtyard design strategies on building daylighting. [WW2] Thirdly, this study 455 
proposed to improve natural ventilation, thermal performance, and energy efficiency of courtyard 456 
buildings with the layout, aspect ratio, and ecological buffer space at the design phrase; however, 457 
further validation of the simulation results should be conducted when on-site measurements are 458 
available. 459 

5. Conclusions 460 

This work studied the traditional courtyards in southern Jiangsu Province based on qualitative 461 
analysis of quantitative simulation using the wind environment simulation software PHOENICS and 462 
the energy simulation software DesignBuilder. This study proposes three strategies, adjusting the 463 
spatial layout of courtyards, the aspect ratio, and building an ecological buffer space. The proposed 464 
improved design can increase ventilation in summer—wind speed at the opening can reach 1.75 m/s 465 
while keeping the average wind speed from 0.25 to 0.5 m/s to maintain thermal comfort. Further, 466 
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adjusting the aspect ratio increases natural ventilation driven by thermal pressure in summer, while 467 
the northern enclosing wall is raised and improved to resist cold wind in winter. Considering the 468 
ecological buffer areas, enclosing the buffer space in winter can achieve the overall energy saving of 469 
the courtyard building. Results show that the average natural room temperature in Room 1 can be 470 
reduced by about 1 ℃ in summer and increased by about 2 ℃ in winter. The 12.4% of peak cooling 471 
load and 25.1% of total cooling load in summer in Room 1 is significantly reduced, and 35.7% of peak 472 
heating load and 36.1% of total heating load can be saved in winter. Based on the overall performance 473 
in the study’s three rooms, results show that the proposed design of a courtyard can save about 19.6% 474 
of cooling loads in summer and about 22.3% of heating loads in winter. These findings provide 475 
insights into the optimal design of a courtyard to maximize its benefit in regulating the microclimate 476 
and saving energy both during winter and summer. 477 
 478 
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