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Abstract


Countries around the world develop and use software based on the monthly calculation method of DIN V 18599:2007 and EN ISO13790 for building energy performance evaluations. The purpose of this study is to propose a method that can consider the effect of reducing cooling energy demand by hybrid ventilation outdoor air cooling in monthly calculation method-based software. For ventilation simulation, some representative floor plans and area types of Korean residential buildings were established through literature research. A number of dynamic energy simulations were performed for various building orientations, heights, and opening factors. Based on the simulation results, a nomograph that can calculate the cooling energy demand reduction factor according to hybrid ventilation that can be applied to the ventilation heat transfer coefficient is proposed.
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1. Introduction and Objectives


Due to the rapid increase in the use of energy in the modern era, many problems, such as the destruction of the ozone layer, heat waves, and the increase in the sea level, are occurring due to climate change caused by an increase in carbon emissions and greenhouse gases. Korea is one of the top countries in the emission of greenhouse gases, and also has a relatively large width in the increase of emissions among OECD (Organization for Economic Cooperation and Development) nations. Thus, the government prepared a plan to revise the 4th Comprehensive National Territorial Plans based on the current problems with the formation of green cities and Korea’s response to climate change, in order to make improvements in this area [1].



The Ministry of Land, Infrastructure, and Transport produced design guidelines for the construction of zero energy residences that optimize energy efficiency, and is implementing a building energy rating system [2].



The building energy rating system is a core policy means that promotes the enhancement of energy performance and the reduction of energy consumption of new and existing buildings. It is being implemented as a compulsory or voluntary policy in over 30 countries all over the world since being first enforced in Denmark in 1997. In Korea, the building energy efficiency rating system was first enforced in 2001 for newly built apartment buildings. Since then it has been expanded to be enforced on newly built commercial buildings since January 2010, and all building types since September 2013. Currently, the building energy efficiency rating evaluation refers to DIN V 18599:2007 [3] as the basis, and ISO 52016-1:2017 [4], EN 15203 [5], EN 15217 [6], etc. to use ECO2, a building energy performance evaluation software developed to be suitable for Korea. There are simple advantages of using such a monthly energy evaluation software. However, it also has functional deficiencies compared to dynamic building energy analysis software, one of which is that it does not consider hybrid ventilation.



The buildings that use the most energy in Korea are apartments; these occupy approximately 59% of the entire use of energy [7]. In recent buildings, airtightness and thermal insulation are important. Thus, although heating energy is continually decreasing, cooling energy is continually increasing due to climate change. Furthermore, in the hottest month of the year, August, the use of electric energy displays a 14% increase compared to any other period; therefore, a reduction in cooling energy is important. Although free cooling, which uses ventilation during summer, spring, and fall, may be used, natural ventilation cannot optimize or adjust the time and amount of ventilation. With regard to mechanical ventilation, the consumption and cost of energy contribute to cause the disadvantage of low satisfaction in indoor comfort [8]. Hybrid ventilation actively introduces free cooling using natural ventilation and mechanical ventilation, which displays the advantage of reducing the energy demands of cooling.



Currently, ECO2, which is widely used as a building energy certification tool in Korea, applies a monthly thermal load calculation method. This monthly method does not consider hybrid ventilation. The ventilation-related industry calls for adding a function that can consider hybrid ventilation to ECO2.



Accordingly, this study intends to qualitatively analyze the reduction in the cooling energy demand predicted upon applying hybrid ventilation in apartments, and to propose a cooling energy demand reduction effect prediction tool that may be applied on a monthly based method.




2. Materials and Method


2.1. Methodology


This study conducted an analysis on deriving a monthly energy demand calculation method according to the application of hybrid ventilation. Multiple dynamic simulations were conducted to apply the free cooling effects based on hybrid ventilation on a monthly calculation algorithm in a nomograph form. The area types of apartments in Korea between 2017 and 2019 were researched to derive a representative model for each floor area, and a dynamic building energy simulation was conducted. The building shape, floor area, azimuth, height, and airway patency (air volume) of apartments were set as the primary factors of hybrid ventilation and an EnergyPlus simulation was conducted. The ventilation air volume-cooling energy demand results derived from simulations were nomographed to propose a simple cooling energy demand reduction prediction tool according to hybrid ventilation.




2.2. Outline of Hybrid Ventilation


The objective of hybrid ventilation is to reduce energy, obtain indoor air quality, and satisfy the comfort of the occupants. It is operated in the method of demand control combining natural ventilation and mechanical ventilation. It is also operated in the method of concurrently using two methods by converting the driving mode depending on the season or indoor and outdoor conditions, or categorizing zones, and can largely be categorized into three types, as shown in Figure 1 [9].



The components of the hybrid ventilation system include sensors that measure the air quality and indoor temperatures, a controller required to convert the driving mode, a fan, a heat exchanger, a filter, and electric windows.



With four seasons in Korea, hybrid ventilation may be thought of as a driving strategy that prioritizes obtaining indoor air quality in winter, obtaining an indoor setting temperature in summer, and reducing the energy demands of heating and cooling in spring and fall [9].




2.3. Studies and Standards Regarding Korean Hybrid Ventilation


In Korea, the mandatory application of hybrid ventilation and incentives are defined in the following criteria.



The health-friendly residential construction standard [enforced on 20 November 2018] [published by the Ministry of Land, Infrastructure, and Transport No. 2018-697, 20 November 2018, partially revised], Article 4 (Standards of Obligation) Clause 3 prescribes that ‘the ventilation performance of the unit complex suitable to Annexed Document 3 must be obtained for efficiency ventilation’, and Clause 3 of [Annexed Document 3] prescribes that ‘the ventilation equipment composed of one system comprising a hybrid ventilation equipment: No. 1 (natural ventilation) and No. 2 (mechanical ventilation) must be operated in a mutually supplemental manner based on needs’ [10].



In the Green Standard for Energy and Environmental Design (G-SEED) No. 2016-4 <New Buildings—Residential Buildings>, 7. Indoor Environment, 7.3 Unit Complex Ventilation Performance Obtainment grant Level 1 to buildings that “comprise a system comprising natural and mechanical ventilation equipment, and where a hybrid ventilation equipment is installed to be operated in a mutually supplemental manner based on needs” [11].



The preceding studies related to hybrid ventilation in Korea are as follows. After comparative analysis of the total heat exchange mechanical ventilation system and the hybrid ventilation system, the limitations were improved and the energy saving performance was verified through simulation [12]. Exchange ventilation and hybrid ventilation were comparatively analyzed [13]. In addition, a study was conducted on the ventilation performance evaluation of the three types of hybrid ventilation systems that can be distributed and spread to apartment houses in the future [14], and a study was conducted to develop a type 1 automatic hybrid ventilation system that applied the optimal ventilation operation mode to minimize ventilation energy costs and satisfy indoor environmental comfort [15]. In many cases, there are no selection criteria and explanations for apartment houses and their areas, and most simulations were performed using CFD(Computational Fluid Dynamics) or TRNSYS (Transient System Simulation Tool).



Therefore, in this study, by referring to the previous studies [16,17] that analyzed design of 19,739 households in 16 apartment complexes, the most common apartment complexes which were recently constructed in 2017 to 2019 and awarded as a ‘livable apartment in Korea’ were analyzed. The type of area scale was identified and the drawings were investigated. Based on this, the hybrid ventilation condition variables were combined and the simulation was conducted using EnergyPlus.





3. Hybrid Ventilation Evaluation Method


In DIN V 18599-2, the calculation of heat loss (gain) caused by the ventilation is defined in Formulas (2)–(13). The structure of the calculation formula is shown in Figure 2. Ventilation heat loss (gain) (   Q V   ) comprises infiltration (   Q  V , i n f    ), window ventilation (   Q  V , w i n    ), mechanical ventilation (   Q  V , m e c h    ), and heat loss in adjacent zones (   Q  V , Z    ), wherein hybrid ventilation heat loss relates to window heat loss (gain) (     Q  V , w i n    ) and window ventilation heat coefficients (   H  V , w i n    ).    θ i    and    θ k    are indoor and outdoor temperature; t is time.



The heat loss coefficient (   H  V ,   w i n   )   of window ventilation heat gain (loss) in residential buildings of DIN V 18599 based on a monthly basis is determined by Formulas (2)–(71), which is in turn determined by the number of ventilation and temperature differences between the indoors and outdoors. Therefore, the primary factor that affects the calculation of the ventilation heat loss and gain is the ventilation rate (   n  w i n    ) and outdoor air temperature (   θ k   ). V is zone volume.    C  P , a     is specific heat of air.    ρ a    is density of air.



This study examined the algorithm of ASRHAE TRP-1456 (Assess and implement natural and hybrid ventilation models in whole-building energy simulations, 2010) [18] to reflect the interpretation of hybrid ventilation to the ventilation heat calculation algorithm of DIN V 18599.



TRP-1456 Task 2 deals with a hybrid interpretation model (interpretational, experiential model, network model), which has restrictions to the conditions. In single zones, a single opening (pressure or buoyancy ventilation) or three to four openings (buoyancy, mixed ventilation, exhaust-supply fan) may be applied. In multizones, a nonlinear equation is proposed for a plurality of openings (wind pressure and buoyancy combined hybrid ventilation), which has the inconvenience of having to apply a numeral interpretation method to derive the answer. In addition, the network model requires a process of interpretation through a connection with a dynamic simulation software. Due to these restrictions, it would be difficult to apply the interpretation formula of the hybrid ventilation model to the algorithm of DIN V 18599 [3], which targets various conditions.



The ventilation heat loss (gain) calculation algorithm of 18599 [3] proposes manual and automatic ventilation number calculation methods for (window), (mechanical), (window + mechanical) ventilation. Thus, it is expected that a hybrid concept could be reflected. However, this calculation method has the concept of the minimum ventilation number (annual schedule) (for each use of the building) to maintain the indoor air quality. Thus it would be difficult to reflect the indoor air quality, heat comfort, and energy reduction through the adjustment of the hybrid ventilation air volume.



We determined that it would be difficult to apply the hybrid ventilation interpretation model to the monthly method by mathematization. Accordingly, as an alternative, a method of conducting a dynamic simulation on various apartment hybrid ventilation types to calculate the outdoor air cooling energy demand reduction rate to be applied on the monthly method in a nomograph form is proposed here.




4. Dynamic Hybrid Ventilation Interpretation Simulation


4.1. Selection of Apartment Units for Analysis


The hybrid ventilation method was applied to apartment unit residential buildings. Literature [16,17] that analyzed 19,739 units of 16 complexes of apartments constructed in 2017 to 2019 was referred to, which revealed 59.6 m2 (9.5%), 84 m2 (55%), and115 m2 (0.67%) to be the most representative floor areas. Four bays were most representative for plate type floor areas, and five bays were representative for tower types. With regard to the number of bedrooms, 70% of 55~84 m2 units had three bedrooms. For apartments, the floor areas were categorized into 26.07~32.76 m2, 35.28~41.91 m2, 48.86~49.99 m2, and one or two bays were most common. Through which, the residential units to apply hybrid ventilation were chosen as plate types(P in Table 1) and tower types (T in Table 1, L-shaped) with floor areas of 30, 60, 85, 115 m2. Floor plans and EnergyPlus modelings are shown in Table 1.




4.2. Heat Gain Dynamic Simulation Applying Hybrid Ventilation


In this study, many cases of EnergyPlus simulation were conducted to derive data to use the result of heat gain through dynamic simulation based on the application of hybrid ventilation in ECO2 analysis.



To select the dynamic simulation tool, research on CONTAM and the hybrid ventilation of EnergyPlus were examined. These demonstrated that CONTAM has the strengths of complex air conditioning systems, such as multi-fan systems, and the analysis of contaminants, upon analysis of air flow compared to EnergyPlus. It was understood that the results of the most recent version of EnergyPlus equipped with the AFN (Air Flow Network) analysis model is very similar to the result of the COMIS and CONTAM air flow analysis results. Accordingly, EnergyPlus was applied to model the form of openings and exterior using hybrid ventilation simulation tools in the most similar manner to reality. And the selected apartment units were modeled with EnergyPlus according to the set values in Table 2. Table 2 is based on typical current Korean building energy-saving design criteria [19,20].



The height of levels of the residential units was set as 2.3 m in reference to Article 3 (Dimensions and Standard Criteria) of [Ministry of Land, Infrastructure, and Transport Enforcement Decree No. 771 Rules on Residential Building Standards] [21]. Since the change in cooling energy between those applying and not applying hybrid ventilation are to be compared, the conditions of indoor heating and the components of the building walls are not expected to affect the relative comparison results.



As shown the Table 3, upon comparing the monthly average outdoor temperature of the ECO2 monthly climate data file and the Incheon meteorological data file applying dynamic simulation, the result displayed a slight increase in temperature of ECO2 between June and October. However, the difference is insignificant. Thus, the outdoor conditions between the two software are very similar.



The AirflowNetwork:Zone Ventilation Control mode in EnergyPlus was set as temperature mode to open a ventilation window to maximum open rate (opening patency) when the outdoor-indoor temperature difference exceeds 5 °C between June and October, and to open a ventilation window to minimum open rate (0) when the temperature difference exceeds 10 °C. Accordingly, when the outdoor-indoor temperature difference was 5 to 10 °C the hybrid ventilation is optimally operated with the temperature as the standard to satisfy an indoor set temperature of 26 °C, and the cooling system(IdealAirLoad System) is operated when the temperature exceeds the scope of hybrid ventilation operation temperature (Table 4).



To ascertain the changes in cooling energy demands according to the HV (Hybrid ventilation) operation time (day, night), additional simulations were conducted. The HV operation time was segmented into times during the day to calculate the seasonal heating and cooling loads. The times during the day did not display a large difference in temperature between the indoors and outdoors, and thus did not display a significant effect in reducing the load by outdoor cooling. Accordingly, this study set ventilation to be enforced continuously for 24 h.



In this study, five HV variable conditions were set: region, building shape/unit floor area, azimuth, altitude, and opening factor (Table 5). The cooling load was analyzed between June and October, when outdoor cooling by HV may be applied to compare with the cooling energy demand without the application of HV.



According to the conditions in Table 5, simulations were performed on 480 cases of HV applied and 120 cases of non-hybrid conditions for comparison of cooling energy demand. Figure 3a–c is the result of cooling energy demand by apartment house size and HV condition, and Figure 3d is a graph comparing ventilation air volume according to building height. In each graph, P denotes a plate type and T denotes a tower type.



As the floor areas of residential units increase, the cooling energy demand was seen to increase. With an increase of the maximum outdoor window opening factor from 0.04 (ratio of opening area to maximum opening area: 4%) to 0.1, all cooling energy demand values decreased in all unit area types. This resulted from an increase in the outdoor cooling effect due to an increase in the inflow of air volume as the window opening factor increased. There was also a greater decrease in P115 m2 than P30 m2. In greater unit area types, the cooling energy demand increases and the size or number of windows also increase. Thus, the outdoor cooling effect also increases (Figure 3a).



Based on an increase on the building height, the wind speed and air volume increase, and this results in a decrease in cooling energy demand. For 30 m2 plate types, the decrease of cooling energy in buildings with a height of 40 m was approximately 14% compared to a height of 10m. Buildings with a floor area of 60 m2 displayed a decrease of approximately 8%, buildings with a floor area of 85 m2 displayed a decrease of approximately 6%, and buildings with a floor area of 115 m2 displayed a decrease of approximately 13%. In terms of tower types, buildings with a floor area of 60 m2 displayed a decrease of 13.5%, with those with a floor area of 85 m2 having the greatest decrease, at 23.5% (Figure 3b).



In terms of the result of each azimuth, the lowest cooling energy was shown at 180 degrees (northern direction) of all azimuths in six units types. It appears that this is because the cooling load itself decreases due to the low impact of direct solar heat in the northern direction. A higher cooling energy demand was seen at 270 degrees (east) and 90 degrees (west). The cooling energy demand differed greatly depending on the direction for plate types. However, for tower types, the cooling energy demand change was not largely different depending on direction due to different placement of windows from plate types (Figure 3c).



The result of air ventilation volume for each type and unit area according to the building height displayed an increase in wind speed based on the altitude increasing for all six units’ areas to display an increase in air volume as well. The increase in air volume based on height was demonstrated to be significant in tower types compared to plate types (Figure 3d).





5. Outdoor Cooling Operation Time According to Hybrid Ventilation


In the case of using a window and a mechanical fan together for HV, there is a need to consider the increase in ventilation fan energy use along with a reduction in the cooling energy demands by ventilation upon application of the monthly calculation method of outdoor HV cooling. The ventilation fan energy can be calculated by multiplying the monthly fan operation time (hour) by the ventilation fan capacity (watts). This study derived the HV operation time between June and October to be calculated as the monthly fan operation time.



As shown in the Figure 4, the monthly fan operation time and ECO2 monthly average outdoor temperature-indoor temperature difference calculated in EnergyPlus were compared. The two graphs displayed very similar changes. Therefore, the monthly fan operation time and average outdoor temperature-indoor temperature difference were used to calculate the monthly fan operation time.



Before such mathematization, a simulation was conducted to ascertain whether the monthly fan operation time changes depending on the shape/region/residential unit floor area/azimuth/height. (Table 6) The simulation result displayed no relation between the floor area, azimuth, height change and the monthly fan operation time, and a change according to region (central/southern). It is assumed that the fan operation time only relates to regional properties, i.e., outdoor temperature-indoor temperature (cooling load) conditions.



We performed a regression analysis between the indoor temperature-monthly average outdoor temperature and fan operation time (Table 6) to derive the formula. And this study proposed Formulas (1) and (2) for the monthly HV operation time (fan operation time) for the central and southern region of Korea. The    R 2    value by regression analysis displayed a very high relativity of 0.93 (central) and 0.91 (southern).


   T  h v , c   =  (   T  s e t   −  T  o u t , c    )  × 51 + 531  



(1)






   T  h v , s   =  (   T  s e t   −  T  o u t , s    )  × 37 + 418  



(2)







   T  h v , c     and    T  h v , s     are monthly HV operating hours in central and southern region.    T  s e t     is indoor setpoint temperature (26 °C).    T  o u t , c     and    T  o u t , s     are monthly average outdoor temperatures by regions.




6. Proposal of Nomograph for Calculating Hybrid Ventilation Outdoor Air Cooling Energy Demand Reduction Rate


Based on the results of dynamic simulations on the residential unit areas applying the conditions of HV, i.e., apartment shape type, unit floor area, azimuth, height variables, and the seasonal cooling energy, demand could be ascertained between June and October based on the outdoor cooling effect upon applying optimized HV. By comparing the seasonal cooling demand with HV not applied and HV applied, the reduction rate of cooling energy demand can be calculated.



The monthly ventilation heat gain correction factor (   C  H V   )   applicable to the window ventilation heat coefficient (   H  V , w i n   )   was proposed to quantitatively reflect the heat gain reduction based on the application of HV to the window ventilation heat loss (gain) (   Q  V , w i n    ) in the monthly method algorithm, such as DIN V 18599. And the correction factor (   C  H V   )   is the same as the reduction rate (from June to October) of cooling energy demand by outdoor air cooling. And examples of the nomograph are shown in Figure 5. In Figure 5, the x-axis represents the maximum ventilation air volume in a residential unit according to HV. The y-axis represents    C  H V    , which equals the reduction rate of cooling energy demand. Each line in the graph is    C  H V     versus ventilation air volume at the corresponding building azimuth and height. For example, ‘90-0′ represents a90 degree, 0 m height azimuth. This nomograph is applicable at the HV design stage. In the central region, it is assumed that an HV consisting of a natural ventilation opening and a mechanical ventilation fan is designed in a plate type residential unit with a floor area of 30 m2. In this case Figure 5a can be used. When the building azimuth is 180 degrees and the height is 10m, if a fan with an air volume of 0.03 kg/s is applied, a 10% (   C  H V    : 0.1) reduction in cooling load can be expected between June and October. 18% (   C  H V    : 0.18) savings can be expected if the air volume is increased by applying a fan of 0.04 kg/s.




7. Conclusions and Discussions


Because the conditions of HV are diverse, a method of calculating the correction factor using the maximum air volume (Kg/s) of the HV system and by multiplying the window ventilation heat coefficient between June and October, were then proposed in a graph tool for each condition. Since this was prepared based on the air volume results, the non-air-conditioned natural ventilation, mechanical ventilation, and combined natural and mechanical ventilation are expected to apply the method of air volume in the same manner.



It was found that the demand for cooling energy decreases as the amount of air flow into the room increases. If the maximum wind volume generated by HV becomes more than 0.13 kg/s, the cooling energy demand reduction rate between June and October can reach 60%.



To derive the use of fan energy by calculating the HV operation time, a formula for calculating the fan operation time based on the temperature difference between the indoor temperature and the monthly average outdoor temperature was proposed, and this formula showed a high regression relativity.



The nomograph tool proposed by this study can be used at the HV design stage. But it still has some limitations. It is based on the central and southern regional meteorological conditions of Korea. It is a data graph prepared based on the HV system conditions that is automatically controlled by maximum air volume at all times. Accordingly, in order to be applied in future monthly methods, it will be necessary to additionally prepare a data graph for each region and the control conditions. In addition, since this is a simulation result, verification will be needed through comparison with actual data.



In addition, in this study, only HV for summer outdoor air cooling was considered, due to several limitations. An HV winter control strategy that can improve indoor air quality while minimizing energy increase has been derived and needs to be applied to the monthly thermal load calculation method.
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Figure 1. Types of Hybrid ventilation (Annex 35). (a) Natural and mechanical ventilation. (b) Fan-assisted ventilation. (c) Stack and wind-assisted mechanical ventilation. 
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Figure 2. Ventilation heat loss calculation Formulas (2)–(13) in DIN V 18599 part 2. 
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Figure 3. Comparison of hybrid ventilation results according to variable conditions. (a) Cooling energy according to the change in window opening factor (azimuth: 0, height: 10 m fixed). (b) Cooling energy according to the building height (m) (azimuth: 0, opening factor: 0.04 fixed). (c) Cooling energy according to the change in building azimuth (height: 10 m, opening factor: 0.04 fixed). (d) Max. Air ventilation volume according to the change in building height (m) (azimuth: 0, opening factor: 0.04 fixed). 
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Figure 4. Comparison of the correlation between monthly hybrid ventilation operation time and the difference between the indoor set temperature and the average monthly outdoor temperature (central region). 
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Figure 5. Example nomograph of ventilation heat gain correction factor according to azimuth, height, and maximum ventilation air volume (Kg/s) (central region) (a) plate type 30 m2 (b) plate type 60 m2. 
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Table 1. Analysis target unit residential type and EnergyPlus modeling (P: Plate type, T: Tower type).
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	P 30m2
	P 60m2
	P 85m2
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	P 115m2
	T 60m2
	T 85m2
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Table 2. Default input values for Energyplus simulation.
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	Input Parameters
	Value





	Weather data
	Incheon, Ulsan (TMY2 )



	Indoor setpoint temperature
	26 °C (From May to October)



	U-value and window wall ratio
	Building Envelope: 0.17 W/m2K, Low-E (soft) double glass: 2.7 W/m2K

Window Wall ratio: 25%



	Internal heat gain
	People: 0.035 person/m2, Light: 8 W/m2, Equipment: 2.5 W/m2



	HVAC
	IdealAirLoad System










 





Table 3. EnergyPlus and ECO2 monthly average outdoor temperature (°C) comparison (Incheon).
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	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.





	EP
	−2.2
	−0.3
	4.8
	10.8
	15.8
	20.5
	23.6
	25.0
	20.8
	14.5
	7.6
	1.2



	ECO2
	−1.5
	2.7
	5.6
	10.8
	16.6
	21.6
	23.0
	25.5
	22.2
	15.2
	7.4
	2.1










 





Table 4. EnergyPlus hybrid ventilation modeling input parameters (Airflow network).






Table 4. EnergyPlus hybrid ventilation modeling input parameters (Airflow network).





	
EnergyPlus Class

	
Field Name

	
Value






	
AirflowNetwork:

SimulationControl

	
AirflowNetwork Control

	
MultizoneWithoutDistribution




	
Wind Pressure Coefficient Type

	
SurfaceAverageCalculation




	
Height Selection for Local Wind pressure calculation

	
External node




	
AirflowNetwork:Zone

	
Ventilation Control mode

	
Temperature




	
Ventilation Control Zone Temperature Setpoint Schedule

	
24 h, everyday




	
In-Out temp. Difference Lower Limit for Maximum Venting Open factor

	
5 °C




	
In-Out temp. Difference Lower Limit for Minimum Venting Open factor

	
10 °C











 





Table 5. Items and variable conditions for hybrid ventilation simulation.






Table 5. Items and variable conditions for hybrid ventilation simulation.





	Items
	Variable Conditions





	Building shape/unit area
	Plate Type (P, 30, 60, 85, 115 m2), Tower Type (T, 60, 85 m2)



	Building azimuth
	0, 90, 180, 270 degree



	Unit height
	0, 10, 20, 30, 40 m



	Window opening factor
	0.02 (2%), 0.04, 0.06, 0.08, 0.10










 





Table 6. Comparison of monthly total hybrid ventilation operating hours by variable conditions of residential units.






Table 6. Comparison of monthly total hybrid ventilation operating hours by variable conditions of residential units.





	
Shape Type

	
Region

	
Floor Area

(m2)

	
Azimuth

(degree)

	
Height

(m)

	
Jun.

(h)

	
Jul.

(h)

	
Aug.

(h)

	
Sep.

(h)

	
Oct.

(h)

	
Total

(h)






	
Plate

	
Central

	
60

	
0

	
0

	
267

	
453

	
472

	
336

	
19

	
1547




	
60

	
90

	
0

	
264

	
453

	
473

	
337

	
19

	
1546




	
60

	
180

	
0

	
267

	
454

	
473

	
338

	
19

	
1551




	
60

	
270

	
0

	
265

	
453

	
472

	
337

	
19

	
1546




	
60

	
0

	
20

	
267

	
456

	
498

	
335

	
19

	
1575




	
30

	
0

	
0

	
258

	
449

	
468

	
330

	
19

	
1524




	
Southern

	
60

	
0

	
0

	
239

	
313

	
383

	
338

	
78

	
1351




	
Tower

	
Central

	
60

	
0

	
0

	
268

	
455

	
473

	
338

	
19

	
1553
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