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ABSTRACT 

Natural ventilation is considered an energy efficient 

measure that can utilize outdoor cool air to achieve 

free cooling but needs not consume any fan energy. 

For studying the energy saving potentials of natural 

ventilation in factory building with design scheme, the 

building annual energy consumption simulation 

software DeST Vent+ was used to simulate the 

cooling load saving potential and fresh outdoor air 

flow rates of different area of window opening and 

ventilation shaft to decide the optimal design of 

opening area. Then the computational fluid dynamics 

(CFD) software Fluent Airpak was used to verify the 

air temperature and speed distributions of the optimal 

design scheme. Simulation results show that with 

different window areas the natural ventilation can 

reduce annual cooling consumptions by 10%-60%. 

The CFD simulation shows that temperature and air 

speed distributions with stack ventilation are 

acceptable with maximum temperature difference 

around 2°C and maximum air speed less than 0.5 m/s. 

INTRODUCTION 

Natural ventilation uses the natural forces of wind 

pressure or stacks effect to drive air to flow in/out a 

building. Natural ventilation is considered a beneficial 

measure to realize both energy efficient building 

operation and healthy built environment because it can 

achieve free cooling by inducing outdoor cool air but 

needs not consume any fan energy. Many researchers 

focus on studying the natural ventilation potential and 

performance (Chen 2009, Etheridge et al. 2012, 

Linden et al. 1990, Li 2000, Li and Li 2015, Montazeri 

et al. 2010, Moosavi et al. 2014). Several researches 

study the method for simulating the performance of 

natural ventilation (Bastide et al. 2006, Oropeza-

Pereza et al. 2012, Johnson et al. 2012). Energy saving 

potential of utilizing natural ventilation is studied as 

well (Huang et al. 2012, Huang 2013, Oropeza-Pereza 

and Østergaardb 2014, Ramponi et al. 2014). Some 

researchers studied the active control for natural 

ventilation to achieve minimum energy use and 

balanced air flow rate for the rooms at different 

locations (Dong and Li 2015, Turner and Walker). 

However, most researches on natural ventilation 

focuses on residential buildings or office buildings. 

For the industrial buildings, whose room depths 

commonly are large, the research on natural 

ventilation performance and the energy saving 

potential of using natural ventilation is very few. This 

paper takes an actual factorial building that will be 

built at Qinhuangdao city in China as an example to 

study the natural ventilation performances and energy 

saving potentials with different opening areas and 

ventilation shaft areas for the purpose of optimizing 

the natural ventilation component design to achieve 

minimum annual cooling energy use. First, the natural 

ventilation air flow rates and the annual hourly cooling 

loads with different window areas and shaft areas were 

simulated using the software DeST  (Designer’s 

Simulation Toolkits) Vent+ (Yan et al. 2008). The 

optimal design of the natural ventilation components 

is decided by comparing the annual cooling load of 

different design schemes. Then the computational 

fluid dynamics (CFD) software Fluent Airpak was 

used to verify the air temperature and speed 

distributions of the optimal design scheme (Fluent inc., 

2007). The following sections will respectively 

describe the example building information, building 

model built by the energy simulation software DeST, 

simulation results of energy performance, and the 

CFD simulation results. The final section summarizes 

the main conclusions of this study. 

BUILDING INFORMATION 

The example building in this study is located in 

Qinhuangdao city, Hebei Province, China. The 

building has four stories with 19.7 meters height and 

11731.6 square meters floor area. The main function 

of the building is for manufacturing electronic 

productions. There are 9 windows at the north wall 

and 5 windows at the south wall. Additionally, shafts 

can be built to increase natural ventilation by using 

stack effect. Figure1 shows the floor plan for the first 

floor. The plan of second floor to fourth floor is similar 

to the first floor. The building length is 79.2 meters 

and width is 35.2 meters. The building orientation is 

that the upper wall in Figure1 faces to north. Figure2 

shows the section of the building. The height of the 

first story is 4.8 meters and the height of the other three 

stories is 4.3 meters. 
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Figure 1 The first floor plan of the example building 

 

Figure 2 the section of the example building 

DESIGN SCHEME OPTIMIZATION 

Methodology 

The natural ventilation airflow and air-conditioning 

cooling loads of the building were simulated via DeST 

Vent+ software at different sizes of windows and 

ventilation shafts. The design scheme with a specific 

window and shaft area that can achieve the minimum 

annual cooling consumption is selected as the optimal 

design. The DeST Vent+ software uses a multi-zone 

network airflow model to calculate the natural 

ventilation flow rate. It is assumed that air in the same 

zone is well mixed and has the same parameters in 

steady flow Bernoulli equations. Every zone is linked 

by all sorts of air paths to form a fluid flow network 

and equation sets are created base on the energy 

balance at all branches and mass balance at all zones. 

By solving the equations with Newton’s method, air 

flow rates for each branch can be generated. By using 

the onion computation approach (i.e. at each time step 

the ventilation calculation and thermal calculation are 

coupled by transferring the each calculation result in 

between until the ventilation and thermal calculation 

results are in accordance with each other.) DeST 

Vent+ couples ventilation and thermal simulation 

together (Yan 2008). The reliability of the result of 

DeST has been proved with three kinds of methods of 

validation, including analytical tests, inter-model 

comparisons and empirical validation (Zhang 2004). 

Both of inter-model comparisons and experiments 

confirm the accuracy of the calculated air flow rates 

results by  DeST Vent+ (Zhang 2011). 

Building and natural ventilation modelling 

Building envelope parameters are shown in Table 1. 

The working schedule of the building is  7:00~21:00, 

there are no cooling load besides this period.   The 

indoor temperature set region is 18~28°C. So natural 

ventilation control strategy is that when outdoor air 

temperature is between 18 and 28°C and humidity is 

between 30% and 80%, the natural ventilation will 

start and it will stop at other outdoor air conditions.  

The air path includes windows and ventilation shaft. 

The power-exponent function model is used to 

calculate the air flow rate, as shown in Equation 1. 

𝑄 = 𝐶𝑄 ∙ (∆𝑃)
𝑛                         (1) 

where 𝑄 is the mass flow rate of air (kg/s), 𝑛 is 

constant and approximately 0.5, 𝐶𝑄 is coefficient of 

discharge (kg·s-1·Pa-0.5 ), ∆𝑃 is the pressure between 

insides and outsides (Pa). 

The coefficient of discharge 𝐶𝑄 can be expressed as: 

𝐶𝑄 = √2𝜌 ∙ 𝑘𝐴 ∙ 𝐶𝑑                      (2) 

where 𝜌 is the density of air (kg/m3), 𝑘 is the 

percentage of openable area (%), 𝐴 is the area of air 

paths, 𝐶𝑑 is orifice-metering coefficient determined 

by the types of air paths (-). 

In the simulation, 𝜌 is approximately 1.2 kg/m3, 𝑘 is 

100%. When 𝑘 is 100%, 𝐶𝑑 is approximately 1.244. 

According to equation 1, the mass flow of air paths in 

parallel can be expressed as: 

𝑄1 + 𝑄2 = √2𝜌 ∙ 𝑘(𝐴1 + 𝐴2) ∙ 𝐶𝑑 ∙ (∆𝑃)
𝑛 = 𝐶𝑄 ∙ (∆𝑃)

𝑛           

(3) 

𝐶𝑄 = √2𝜌 ∙ 𝑘(𝐴1 + 𝐴2) ∙ 𝐶𝑑                (4) 

So the air paths in the same wall or floor can be 

simplified as one air paths base on equation (4). 

Time-averaged surface pressures are proportional to 

wind velocity pressure 𝑃𝑉  given by Bernoulli's 

equation: 

𝑃𝑉 =
𝜌𝑉𝐻

2
                             (5) 

where 𝑉𝐻  is approach wind speed at upwind wall 

height H (m/s), 𝜌  is ambient (outdoor) air density 

(kg/m3). 

The equation for wind pressure on the building surface 

𝑃𝑠 is 

𝑃𝑠 = 𝐶𝑝 ∙ 𝑃𝑉                            (6) 

where 𝐶𝑝  is the local wind pressure coefficient at a 

point on the building surface. Figure 3 showed the 

wind pressure coefficient input to the model 

(ASHRAE., 2009). 

The meteorological data used in simulation includes 

dry-bulb temperature, humidity, ground temperature, 

sky temperature, wind speed, wind direction, radiation. 

Figure 4 shows the daily dry-bulb temperature and 

humidity ratio for a year. The dry-bulb temperature 

ranges from -15.10 to 33.80°C and the humidity ratio 

ranges from 0.00 to 22.08 g/kg. Figure 4 is the wind 

rose diagram used in the simulation. 

Simulation results 

The natural ventilation airflow and air-conditioning 

cooling loads simulation was conducted for 51 
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different ventilation designs. The area ratio of window 

to floor ranges from 0.00 to 0.14 while the area ratio 

of shaft to window is 0.0~1.0.  

Table 1 

Building envelope parameters 

Building envelope Components heat 

resistance 

[m2·K/W] 

heat transfer 

coefficient 

[W/(m2·K)] 

External 

walls 

Concrete wall 20mm lime mortar + 200mm reinforced 

concrete +50mm Styrofoam + 25mm 

marble/ granite/ basalt 

0.866 0.977 

Internal 

walls 

Concrete slab 20mm cement mortar + 100mm aerated 

concrete +20mm cement mortar 

0.329 1.788 

Roof Concrete slab 20mm lime mortar + 200mm reinforced 

concrete +50mm Styrofoam + 25mm 

marble/ granite 

1.074 0.812 

Floors Reinforced 

concrete floor 

25mm cement mortar + 80 mm reinforced 

concrete + 20mm cement mortar 

0.026 N/A 

Windows Two layer 

regular glass 

- - 3.1 

 

Figure 3 wind pressure coefficient 

 

 

Figure 4 Weather conditions of dry bulb temperature 

and humidity ratio  

 

 

Annual Cooling-load Saving Ratio 

Annual Cooling-load Saving Ratio (ACSR) is an 

important evaluation index to judge the energy saving 

of natural ventilation, as shown in Equation 7. 

𝐴𝐶𝑆𝑅 = 1 −
𝐶𝐿𝑉

𝐶𝐿𝑁𝑉
                             (7) 

where 𝐶𝐿𝑉 is the cooling load with natural ventilation 

(kWh) and 𝐶𝐿𝑁𝑉  is the cooling load without natural 

ventilation (kWh). 

Figure 5 shows the simulation results of the annual 

cooling-load saving ratio with different area ratios of 

window to floor (AROWF) and different area ratios 

of shaft to window (AROSW). 

 
Figure 5 Annual cooling-load saving ratio with 

different area ratios of window to floor (AROWF) 

and different area ratios of shaft to window 

(AROSW). 

 

As shown in Figure5, the annual cooling-load saving 

ratio grows with the area of windows. Meanwhile the 
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annual cooling-load saving ratio rises as the area of 

shafts increases. 

Annual cooling load with different design schemes 

The different area of window and ventilation shaft 

determines different cooling loads. Figure 6 shows the 

simulation results of the annual cooling load with 

different area ratios of window to floor (AROWF) and 

different area ratios of shaft to window (AROSW). 

 
Figure 6 Annual cooling-load with different area 

ratios of window to floor (AROWF) and different 

area ratios of shaft to window (AROSW). 

 

It can be found that when the area ratios of window to 

floor is 0.03 and the area ratios of shaft to window is 

1.0, the annual cooling load with natural-ventilation 

reaches the minimum value. It is recommended to 

choose 0.03 as the area ratios of window to floor, and 

choose as large shafts as possible such as 1.0 . 

Figure 7 shows the monthly cooling load with and 

without natural ventilation when AROWF = 0.03 and 

AROSW = 1.0. Table 2 provides the annual cooling 

loads and the annual cooling-load saving ratio. 

 

Figure 7 Monthly cooling load with and without 

natural ventilation when AROWF = 0.03 and 

AROSW = 1.0 

 

Table 2 

Annual cooling loads and the annual cooling-load 

saving ratio. 

The Annual Cooling Loads (kWh)  

with natural ventilation 1.28E+05 
without natural ventilation 8.42E+04 

The Annual Cooling-Load Saving 

Ratio (%) 

34.4 

AIR TEMPETATURE AND SPEED 

DISTRIBUTION AT OPTIMAL DESIGN 

Fluent Airpak is used to simulate the air temperature 

and speed distribution of the optimal design at a 

specific time point. Fluent Airpak is a commonly used 

CFD (Computational Fluid Dynamics) software for 

artificial environment analysis, especially for HVAC 

(Heating, Ventilation and Air Conditioning) field. 

Airpak uses ‘object’ based modelling and Fluent 

unstructured solver engine, providing a quick and 

accurate way for the analysis of ventilation systems. 

CFD modelling 

The Airpak model is built on the basis of the DeST 

model, where the building envelope parameters are 

defined according to the DeST model. Interior walls 

and shaft walls are built with ‘Partition’ module, and 

windows and air inlets on the shafts are built with 

‘Opening’ module. Areas of the windows and 

ventilation shafts in the Airpak model are set at the 

optimal design as in DeST model, which has an 

AROWF of 0.03 and an AROSW of 1.0, i.e. the total 

window area of each floor is 88 m2 and the total shaft 

section area is 88 m2. A total of 10 ventilation shafts 

are distributed in the building, each has a square 

section and 4 air inlets on the shaft walls on each floor. 

Occupants and facilities are simplified as several long 

strip ‘Block’ modules on each floor, with a constant 

heat dissipation according to DeST model. Figure 8 

shows the front view of the Airpak model. 

 
Figure 8 Front view of the Airpak model 
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CFD simulation scenario 

Consider such a scenario where natural ventilation is 

used: in an early summer day, outdoor temperature is 

around 30oC after midday, when air conditioning is 

needed and indoor air temperature will be kept at the 

upper limit 28oC of the set region. In the late afternoon, 

outdoor temperature drops below 28oC when natural 

ventilation can be utilized to cool down the building 

instead of air conditioning. To examine the ventilation 

performance under said situation, the simulation time 

point is selected as 17:00 June 27th, when the outdoor 

air temperature is 24.6oC according to DeST’s weather 

data. Before this time point, air conditioning is in use 

and the room temperature is 28oC. Outdoor 

temperature of the selected day is shown in Figure 9. 

In CFD simulation, building external surface 

temperatures are determined using the simplified 

harmonic response method (Zhao et al. 2009), which 

are shown in Table 3. To take into consideration the 

heat storage effect of the construction materials, 

surface temperatures of the floors and interior walls 

are set to the indoor temperature before the simulation 

time point, i.e. 28oC in the Airpak model. In this CFD 

simulation, only the stack ventilation is considered to 

verify the natural ventilation effect. 

 

Table 3 

Building external surface temperature

  

 

Figure 9 Outdoor temperature of selected day and 

time point for CFD simulation 

 ROOF SOUTH NORTH EAST WEST 

t 

(oC) 
48 37 37 38 42 

 

 

 

 

Figure 10 Indoor air temperature contour (front view) 
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Figure 11  Indoor air temperature contour (horizontal view) 

Figure 10 and Figure 11 shows the indoor air 

temperature distribution contour of the building (white 

strips on each floor  are the mentioned ‘Blocks’ to 

simplify occupants and facilities) respectively on a 

front view and a vertical view. Figure 12 shows the 

indoor temperature span of each floor’s main office 

area. The CFD simulation result shows that indoor air 

temperature is around 26oC while the outdoor air 

temperature is 24.6oC, which indicates that using 

natural ventilation can keep the indoor air temperature 

at a suitable range.  

 

Figure 12 Indoor air temperature of each floor 

 

The indoor air speed range and air speed contour are 

respectively shown in Figure 13 and Figure 14. 

Average indoor air speed is 0.1-0.2 m/s. As shown in 

Figure 14, large window area on both south and north 

walls guarantees that cool fresh air can reach the main 

part of the indoor area to carry away indoor heat and 

bring fine indoor air quality. Windows’ stack 

ventilation effect is shown in Figure 15. Meanwhile, 

the ventilation shafts utilize the air buoyancy effect to 

exhaust air in a vertical direction, which can be seen in 

Figure 16. The air exhaustion effect of the ventilation 

shafts is notable from the CFD simulation result, 

which indicates the shafts play a non-ignorable role in 

this natural ventilation system. From the Airpak 

simulation, windows combined with shafts can 

achieve an acceptable natural ventilation performance. 

 

Figure 13 Indoor air speed of each floor 

Proceedings of BS2015: 
14th Conference of International Building Performance Simulation Association, Hyderabad, India, Dec. 7-9, 2015.

- 1170 -



 

Figure 14 Indoor air speed contour

 

 

Figure 15 Ventilation effect of the windows 
 

Figure 16 Ventilation effect of the ventilation shafts 

 

CONCLUSIONS 

This paper describes the optimal design for the natural 

ventilation of a factorial building. The annual cooling 

load of fifty-one cases of different window and 

ventilation shaft area are simulated. The cooling load 

simulation results reveals some insights for designing 

the factorial buildings: 

1. Natural ventilation can reduce the building energy 

consumption. The annual cooling-load saving 

ratio ranges from 10% to 60%. 

2. When the area ratios of window to floor is 

approximately 0.03, the annual cooling load of the 

construction with natural-ventilation reaches the 

bottom. 

3. With the area ratios of window to floor increasing, 

cooling load reductions by natural-ventilation 

increase, but the total cooling loads decrease 

firstly and increase afterward due to large window 

area causing more heat gain. 

CFD simulation is conducted to verify the indoor air 

temperature and speed distribution of the optimal 

design scheme. Simulation results show that when 

under stack ventilation condition, the indoor air 

temperature and speed distribution are roughly 

uniform and acceptable. 
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