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This paper aims to optimize the vent design for additional sunspace of passive houses in rural 

areas. First, a typical rural house in northern China’s Hebei was selected as the research object. 

Then, a total of twelve models with different vent length and vent number were designed to 

allow the warm air move from the sunspace to the house. All the vents are assumed to be 

square in shape and manually controllable according to the sunspace temperature. Through 

Fluent simulation, the twelve models were compared based on different variables, and the 

models with the best and worst results were determined. The results show that the addition of 

vents facilitates the exchange between the warm air in the sunspace and the cool indoor air, 

improving the warming speed and efficiency indoor; the highest indoor temperature was 

achieved at the vent length of 0.3m, using three inlet vents and two outlet vents. On this basis, 

the best and worst performing models were further compared to identify the influencing factors 

of sunspace and optimize the vent design. The energy-saving, emission reduction, and 

environmental impacts of the vent design were also discussed. The research results lay a 

theoretical basis for reducing the energy consumption of winter heating in rural houses, and 

promoting the sunspace design of passive houses. 
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1. INTRODUCTION

Energy-saving renovation is urgently needed to curb the 

growing heat consumption of rural buildings in China. Many 

scholars at home and abroad have investigated the energy 

conservation of buildings. For example, He et al. [1] 

summarized the status quo and disadvantages of energy 

consumption in buildings across China, and provided 

suggestions on how to promote the energy conservation of 

buildings. Xiong et al. designed a thermal insulation ceiling 

for farmhouse renovation, highlighting the importance of 

lighting and ventilation in energy-saving renovation, but his 

renovation plan requires a high cost [2, 3]. Buvik et al. [4] 

introduced high-performance glass to increase the use of solar 

energy in buildings. Chwieduk [5] studied the impact of wall 

paint absorption on building energy consumption, revealing 

that the impact is unobvious for walls with good thermal 

insulation. Liu et al. [6] examined the application of near-zero 

energy consumption techniques in energy-saving renovation 

of buildings in China, and found that these techniques are too 

costly for constructing rural buildings. To sum up, the existing 

research proves that high-performance materials can improve 

the energy efficiency in local areas rather than in the entire 

building, failing to achieve high cost performance [7]. 

The passive house offers a possible solution to the above 

problems in the energy-saving renovation of rural buildings. 

The principle of passive house is to provide a desirable indoor 

thermal environment by optimizing the building design (e.g. 

orientation) to maximize the use of natural factors (e.g. 

sunlight) [8-11]. During the construction of passive houses, 

multiple factors, ranging from local climate, building layout to 

shading conditions, must be considered, such that the 

buildings can adapt to various climate conditions [12-14]. 

In the energy-saving renovation of rural buildings, the 

passive house technique is often coupled with the design of an 

additional sunspace, for solar energy is an important energy 

source for passive houses [15, 16]. Some scholars have 

designed simple sunspaces according to the principle of the 

Trombe wall [17-19], and simulated the effect of the designs. 

The simulation results show that the additional sunspace has 

many advantages. In addition to low construction cost and 

high energy-efficiency, adding a sunspace to the passive house 

can improve the indoor temperature in winter, using solar 

energy. However, there is no report on use effect or 

influencing factors of sunspaces.  

In recent years, additional sunspace has been increasingly 

applied in rural buildings of northern China. But the 

application effect is not as ideal as expected, because the 

construction process is not standardized. In fact, the heat 

exchange between the sunspace and the house mainly exists in 

the form of convection [20]. The most effective way to 

promote the convection is to build vents on the inner wall, 

which can be controlled manually based on the temperature in 

the sunspace. Then, the convective heat transfer depends on 

the size and number of vents [21].  

Targeting a typical rural house in Hebei Province, China, 

this paper compares the energy-saving effects of 12 different 

vent designs, and selects the optimal vent design for the 

energy-saving renovation of rural buildings in northern China.
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2. MODEL CONSTRUCTION 

 

2.1 Research object 

 

Our simulation targets a rural house in the plain area of 

Hebei Province, China. As shown in Figure 1, the 127m2 house 

mainly consists of two living rooms, four bedrooms and two 

storage rooms. The indoor temperature was set to 287K for our 

simulation, according to the provisions of Energy Saving 

Design Standard for Rural Residential Buildings on the 

temperature for energy-sufficiency calculation in winter [22]. 

Then, a sunspace model was established to simulate the effect 

of a sunspace on indoor temperature. Table 1 lists the materials 

and heat transfer coefficients of the envelope structure of the 

house. 

 

 

 
 

Figure 1. Plan, elevation and profile of the house 

 

Table 1. Materials and heat transfer coefficients of the envelope structure 

 
Components Description Heat transfer coefficient /W(m2·K)-1 

External wall 
30mm insulation layer + 240mm brick wall + 70mm expanded 

polystyrene foam board + protective layer  
0.36 

External window Aluminum alloy frame insulating glass (6mm + 12mm + 6mm) 2.9 

Roof 
200mm reinforced concrete + 90mm expanded polystyrene foam 

board + gypsum board ceiling 
0.33 

Floor 
40mm gravel or pebble layer + 40mm extruded polystyrene foam 

board + 100mm brick concrete cushion 
0.7 

Sunspace 
Aluminum alloy frame hollow glass, aluminum alloy gusset plate 

for the lower part, with 30mm insulation board on the inside 
/ 

 

2.2 Gambit modeling 

 

Gambit is a high-quality preprocessor for computational 

fluid dynamics (CFD) analysis. This software boasts a strong 

meshing capability, with main functions like geometric 

modeling and mesh generation [23]. The dedicated meshing 

algorithm of the software can mesh the object into fully 

unstructured tetrahedral, hexahedral or mixed grids, 

depending on the geometry and continuity of the object. If 

there are additional boundary conditions, the meshed grids can 

be imported into ANSYS Fluent for pseudo-calculations. 

In Gambit modelling, the vents of the target house are in the 

shape of squares. To disclose the impact of the length and 

number of vents on the indoor temperature and velocity fields, 

three different vent lengths (a=0.2m, a=0.25m, and a=0.3m), 

and four different vent numbers on the external wall of each 

bedroom (2 inlets + 1 outlet, 2 inlets + 2 outlets, 3 inlets + 2 

outlets, and 3 inlets + 3 outlets) were selected for modelling. 

In total, 12 combinations (models) of vent length and vent 

number were created for simulation. The position of each vent 

in the vertical direction is shown in Figure 1. If there is one 

vent at the same height in the horizontal direction, it is 
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arranged the middle; if there are two or three vents, their 

positions are arranged as shown in Figure 1.  

Considering the size of the outer door of the living room, 

the vent number for each living room was fixed at 2 inlets + 2 

outlets, with the same vent length as the bedrooms. The 

position of the vents is also presented in Figure 1. 

Since the house is symmetrical, only the vents on the left 

side were considered in the simulation. For clarify, the vents 

in each model were numbered (Table 2). 

 

Table 2. Serial number of the vents in each model 

 
No. length Amount of vents No. Length Amount of vents 

Mode 1 0.2m 2 inlet 1 outlet Mode 7 0.25m 3 inlet 2 outlet 

Mode 2 0.2m 2 inlet 2 outlet Mode 8 0.25m 3 inlet 3 outlet 

Mode 3 0.2m 3 inlet 2 outlet Mode 9 0.3m 2 inlet 1 outlet 

Mode 4 0.2m 3 inlet 3 outlet Mode 10 0.3m 2 inlet 2 outlet 

Mode 5 0.25m 2 inlet 1 outlet Mode 11 0.3m 3 inlet 2 outlet 

Mode 6 0.25m 2 inlet 2 outlet Mode 12 0.3m 3 inlet 3 outlet 

 

The 12 models only differ in the length and number of vents. 

Therefore, the model of 0.3 m and 3 inlets + 2 outlets was 

taken as an example to illustrate the modelling process. The 

rural house in the model was subjected to Tet/Hybrid meshing. 

As shown in Figure 2, most of the house was meshed into 

tetrahedral grids, with hexahedral grids in a few places. 

 

 
 

Figure 2. Grid meshing of the rural house (model: 0.3m and 

3 inlets + 2 outlets) 

 

 

3. FLUENT SIMULATION  

 

3.1 Introduction to fluent 

 

In recent years, the CFD has been widely used to solve 

problems in fluid mechanics and heat transfer. Fluent is one of 

the most popular CFD software that effectively combines 

classical fluid mechanics with numerical calculation methods. 

The cornerstone of the software is a solver based on the finite-

volume method. The solution process of Fluent involves the 

following steps: selecting the solution model, importing the 

mesh file and checking the mesh, determining the calculation 

model and fluid mechanical properties, defining the operating 

environment, setting the boundary conditions, solving the 

parameters, initializing the flow field, setting the number of 

iterations, and calculating the solution. 

In this paper, the rural house in each vent model is simulated 

on Fluent. For simplicity, the following hypotheses were put 

forward: 

(1) Without considering the sunspace, the room temperature 

can be heated up 287K by the indoor heating device.  

(2) The air indoor is a low-speed incompressible fluid in a 

turbulent flow state. 

(3) According to the Boussinesq hypothesis, only the 

volume-dependent terms of the density in the momentum 

equation are considered, regardless of the viscous dissipation 

of the fluid. 

(4) The gravity acceleration is -9.8m/s2. 

(5) There is no heat transfer through radiation. 

(6) The indoor furniture and personnel have no impact on 

the temperature field and velocity field. 

(7) There is not door and window gaps on the wall of each 

vent. 

 

3.2 Boundary conditions 

 

The Fluent was used to simulate the circulation between the 

warm air in the sunspace and the relatively cool indoor air 

through the vents, i.e. the entry of the warm air into the house 

to raise the indoor temperature. The wind speed and 

temperature at each inlet was set to 0.03m/s and 300K, 

respectively.  

The turbulence parameters at the inlet, outlet, and far-field 

boundaries of the computational domain were defined by 

“Intensity and Hydraulic Diameter” (I and DH), one of the four 

commonly used definition methods for turbulence parameters. 

The other three methods are K and Epsilon (k-ε), Intensity and 

Length Scale, and Intensity and Viscosity Ratio. The hydraulic 

diameter DH can be calculated by: 

 

𝐷𝐻 =
𝐹

𝜒
, 

 

where, F is the vent area; χ is the vent perimeter.  

The turbulence intensity I can be calculated by: 

𝐼 = 0.16(𝑅𝑒𝐷𝐻
)−1/8, 

where, 𝑅𝑒𝐷𝐻
 is the Reynolds number calculated by hydraulic 

diameter DH. 

According to the model parameters, the outlet boundary was 

set to free outflow. The initial indoor temperature was set to 

287K based on hypothesis (1) and the envelope structure was 

assumed as insulated. The heat transfer coefficient of the 

external walls, doors and windows adjacent to the sunspace 

was set to 8.7 W/(m2·K) as the third type of boundary 

condition. The inner wall temperature was set to 287 K, 

making it the first type of boundary condition. The internal 

door was set to free outflow [24]. 

 

3.3 Control equations 

 

(1) Continuity equation 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
0 
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(2) Momentum equation 

 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
)

= 𝜇 (
𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) −

𝜕𝑝

𝜕𝑥
 

 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
)

= 𝜇 (
𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) −

𝜕𝑝

𝜕𝑦
 

 

𝜌 (
𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
)

= 𝜇 (
𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) −

𝜕𝑝

𝜕𝑧
 

 

(3) Energy equation 

 

𝜕𝑇

𝜕𝑡
+  𝑢

𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
+ 𝑤

𝜕𝑇

𝜕𝑧
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) 

 

(4) k, ε and viscosity coefficient equations 

 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌 𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗

= [(𝜂 +
𝜂𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑘

] + 𝜂𝑡

𝜕𝑢

𝜕𝑥𝑖

(
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

)

− 𝜌𝜀 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌 𝑢𝑘

𝜕

𝜕𝑥𝑘

= [(𝜂 +
𝜂𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑘

] + 

𝑐1𝜀

𝑘
𝜂𝑡

𝜕𝑢𝑖

𝜕𝑥𝑖

(
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) − 𝑐2𝜌
𝜀2

𝑘
 

𝜂𝑡 = 𝑐𝜇𝜌𝑘
1
2𝑙 = (𝑐𝜇

′ 𝑐𝐷)𝜌𝑘2
1

𝑐𝐷𝑘
3
2/𝑙

= 𝑐𝜇𝜌𝑘2/𝜀 

𝑐𝜇 = 𝑐𝜇
′ 𝑐𝐷 
 

where, x, y and z are the three directions in the Cartesian 

coordinate system (m); u, v and w are the velocities in the three 

directions, respectively (m/s); t is time (s); ρ is density (kg/m2); 

μ is dynamic viscosity (N·s/m2); P is pressure (Pa); T is 

temperature (°C); α is thermal diffusivity (m2/s). 

Three coefficients (c1, c2 and cμ) and three constants (σk, σε 

and σT) were introduced into the above equations. The values 

of these six empirical coefficients are shown in Table 3. 

Table 3. Coefficients in the k-ε model 

 
cμ c1 c2 σk σε σT 

0.09 1.44 1.92 1.0 1.3 0.9~1.0 

 

 

4. CALCULATION RESULTS 

 

Since the house is symmetrical, our simulation only covers 

the bedroom and the living room on the left side. According to 

the relevant provisions in the Building Energy Conservation 

Technology, six measuring points were set up on the 

intersection of plane y=2m and plane z=1.5m, and another six 

on the intersection plane y=2m and plane z=2m, including (0.8, 

2, 1.5), (1.6, 2, 1.5), (2.4, 2, 1.5), (4.6, 2, 1.5). , (5.7, 2, 1.5), 

(6.8, 2, 1.5), (0.8, 2, 2), (1.6, 2, 2), (2.4, 2, 2), (4.6, 2, 2), ( 5.7, 

2, 2) and (6.8, 2, 2). During the monitoring, it is found that the 

temperature at each measuring point initially increased at a fast 

speed and tended to be stable in 2h. The temperature trend of 

each model in 2h is provided in Figure 3 below. 

 

 
 

Figure 3. Temperature trend of each model in 2h 

 

As shown in Figure 3, the temperature of each model at the 

heights of 1.5 m and 2 m in the house tended to be the same, 

whether in the bedroom or the living room. Hence, it is only 

necessary to analyze the data at z=1.5 m. Then, the models 

were sorted in descending order of temperature (Table 4). 

 

 

Table 4. Temperature ranking of the models 

 
Ranking Bedroom Living room Ranking Bedroom Living room 

1 Model 11 Model 11 7 Model 3 Model 6 

2 Model 12 Model 2 8 Model 6 Model 7 

3 Model 8 Model 12 9 Model 5 Model 4 

4 Model 7 Model 10 10 Model 4 Model 5 

5 Model 9 Model 9 11 Model 2 Model 1 

6 Model 10 Model 8 12 Model 1 Model 3 

 

 

5. COMPARISON OF TEMPERATURE FIELD AND 

VELOCITY FIELD 

 

The simulation results show that Model 11 (0.3m and 3 

inlets + 2 outlets) and model 1 (0.2m and 2 inlets + 1 outlet) 

had the best and worst performance, respectively. Therefore, 

the two models were further compared in temperature field and 

velocity field.  

 

5.1 Temperature field analysis 

 

The hourly temperature change at each measuring point was 
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monitored in 2h. Based on the collected data, the temperature 

trend of each measuring point was potted (Figures 4 and 5). 
 

 
 

Figure 4. Temperature curve of measuring points of model 

11 
 

 
 

Figure 5. Temperature curve of measuring points of model 1 
 

 
 

Figure 6. Temperature distribution in section Z=1.5m of 

model 11 
 

 
 

Figure 7. Temperature distribution in section Z=1.5m of 

model 1 

 
 

Figure 8. Temperature distribution in section X=1.6m of 

model 11 

 

 
 

Figure 9. Temperature distribution in section X=1.6m of 

model 1 

 

As shown in Figures 4 and 5, the temperature of each 

measuring point rose at a decreasing rate with the elapse of 

time. The hourly temperature of model 11 in bedroom was 

4~5K higher than that of model 1. Next, the cloud map of 

temperature distribution of the two models were prepared 

based on the data of sections z=1.5 m and x=1.6 m. 

It can be seen that the rooms adjacent to the sunspace were 

affected by the sunspace temperature more than the other 

rooms (See Figures 6-9). Despite having the same number of 

vents, the living room was cooler than the bedroom, due to its 

relatively large volume. According to the maps about the 

section x=1.6m, the temperature in the upper part of the room 

was significantly higher than that in the lower part. This is 

because the warm air enters through the upper inlet, while the 

cold air flows out through the lower outlet. Overall, the 

temperature field of model 11 was much more uniform than 

that of model 1, and the overall temperature of the former was 

also higher than that of the latter. 

 

5.2 Velocity field analysis  

 

The temperature and comfort of a room are affected by the 

air distribution. Here, the velocity distribution is analyzed 

based on the vertical sections x=1.6m and x=6.8m, which are 

the middle of the bedroom and the living room, respectively 

(Figures 10-13). 

It can be seen that stable vortices appeared in the vertical 

sections of both models, but the velocity distribution of model 

1 was much weaker than that of model 11. Thus, model 1 had 

a much poorer air circulation than model 11. Then, the velocity 

distribution at the horizontal section z=1.5m in each model 

was plotted (Figures 14 and 15). 

It can be seen that a stable eddy current was formed in 

model 11. By contrast, the temperature of model 1 was 

relatively low, because the air circulation and heat transfer are 
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suppressed by the low air velocity. 

 

 
 

Figure 10. Velocity distribution of vertical section X=1.6m 

in model 11 

 

 
 

Figure 11. Velocity distribution of vertical section X=1.6m 

in model 1 

 

 
 

Figure 12. Velocity distribution of vertical section X=6.8m 

in model 11 

 

 
 

Figure 13. Velocity distribution of vertical section X=6.8m 

in model 1 

 
 

Figure 14. Velocity distribution in horizontal section 

Z=1.5m of model 11 

 

 
 

Figure 15. Velocity distribution in horizontal section 

Z=1.5m of model 1 

 

5.3 Correlation analysis of temperature field and velocity 

field 

 

The analysis in Subsections 5.1 and 5.2 demonstrates that 

model 11 had better temperature field and velocity field than 

model 1. As mentioned before, the heat exchange between the 

sunspace and the indoor mainly exists in the form of 

convection: the hot air moves from the sunspace to the room 

via the upper vent, while the cold air moves from the indoor to 

the sunspace from the lower vent. With the better air 

circulation and heat transfer efficiency, model 11 enjoys a 

higher temperature than model 1. 

 

 

6. ENVIRONMENTAL BENEFIT ANALYSIS 

 

The pollution of winter heating is a longstanding 

environmental problem in rural China. The target rural house 

was subjected to load calculation on DeST, an integrated 

building simulation toolkit, before energy-saving renovation. 

The results show that the heating load index was 84.8W/m2, 

and the cumulative load during the heating season was 

37,939.75kW·h. Since the efficiency of heating furnace is 

mostly 45~55% and the heating season lasts 122 days, the coal 

consumption of the target house is about 8.5t, equivalent to 

9.3t of standard coal.  

After the energy-saving renovation by our vent model, the 

heating load index was reduced to 37.2W/m2 and the 

cumulative load during the heating season was lowered to 

13,595.49kW·h, saving 64% of energy (5.95t of standard coal). 

One ton of standard coal could emit 2.66t-2.72t of carbon 

dioxide. Hence, the renovation helps to suppress the carbon 
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dioxide emissions by 15.8t-16.2t per year. Therefore, our vent 

design could greatly improve the ecological environment in 

rural areas, and reduce the burden of ecological environment. 

 

 

7. CONCLUSIONS 

 

This paper analyzes the temperature field and velocity field 

of 12 vent models, and further compares the temperature and 

velocity distributions of the best and worst performing models. 

Considering the relative error of Fluent simulation, the author 

drew the following conclusions: 

(1) Under the same number of vents, the longer the vent, the 

higher the indoor temperature. Under the same length of vent, 

the highest indoor temperature belongs to the models of 3 

inlets and 2 outlets. Out of all the models, model 11 (0.3m and 

3 inlets + 2 outlets) achieved the highest indoor temperature.  

(2) The room volume and depth affect how the vent length 

and vent number influences the indoor temperature. The length 

and number of vents can affect the indoor air circulation. The 

optimal inlet-outlet ratio for heat transfer is 3:2. Our results 

show that, the longer the vent length, the faster the indoor air 

velocity, and the better the heat transfer. 

(3) The proposed vent design can greatly reduce energy 

consumption and carbon emissions, thus improving the 

ecological environment. In the rural areas of Hebei province, 

the sunspace design should select high-performance low-cost 

glasses to reduce the construction cost, and optimize the 

number and length of the vents in the sunspace based on our 

simulation data.  

In this research, the vents are assumed to be square in shape. 

The other shapes were not taken into account. Therefore, the 

future research will study the vents in multiple other shapes, 

compare the simulation results with the data in this paper, and 

further analyze the relationship between the heat supply of 

new heating mode and the heat load of the renovated rural 

house. 
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