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Abstract

:

Korean law requires at least three levels of control for apartment ventilation systems, including 0.5 air change per hour (ACH). When this law was enacted, it was believed that a 0.5 ACH air flow rate would be sufficient for apartments following building completion. However, ventilation systems cause different air qualities in each space within a unit, depending on infiltration rate and number of occupants. In addition, the current ventilation rate standard is based on an apartment unit’s total area, assuming that all room doors are open. In this study, changes in CO2 concentration were experimentally analyzed based on the number of occupants and various ventilation frequencies with closed doors to analyze air quality differences among rooms in a typical 85 m2 apartment unit in Korea. When the 0.5 ACH ventilation was performed, maintaining 1000 ppm or less was difficult if four people stayed for more than two hours in the living room or two people stayed for more than one hour in the bedroom with closed doors. Our results indicate that it is challenging to maintain a CO2 concentration of 1000 ppm when doors are closed as standards are calculated based on a unit’s total area. Therefore, ventilation systems should be required to provide different air volumes for each room.
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1. Introduction


According to the facility standard rules for buildings in Korea [1], housing ventilation systems must be able to provide a ventilation rate of at least 0.5 air change per hour (ACH). This corresponds to an air volume of approximately 100 m3/h for the national housing scale with an area of 85 m2 and ceiling height of 2.3 m, as defined in the Housing Law [2]. This air volume is similar to that calculated based on ASHRAE 62.2 [3]. Because the volume is based on all rooms in an apartment unit, it assumes that all room doors are open. However, when the room doors are closed, the appropriate ventilation rate can vary.



Although there are various methods to obtain the appropriate ventilation rate for maintaining indoor CO2 concentration requirement, 1000 ppm [4,5,6], it can be calculated using the difference between the CO2 concentration generated by the occupants and the external CO2 concentration. According to the climate change monitoring information provided by the Korean Meteorological Administration, the external CO2 concentration has been increasing since 1984 [7].



Applying the average CO2 concentration in Anmyeondo, Korea in December 2019 (421 ppm) [7] and the CO2 expiratory flow generated during the normal activities of one adult (18 L/h) [8], a ventilation rate of approximately 31 m3/h was calculated. This means that approximately 124 m3/h is required when a four-member family resides in an 85 m2 house. In addition, the 0.5 ACH ventilation rate of a bedroom with an area of 9 m2 [9] was calculated to be 10.4 m3/h. A typical small room in Korean housing where a single bed and a wardrobe are installed has an area of 9 m2 and a ceiling height of 2.3 m. This corresponds to 33.5% of 31 m3/h, which is the ventilation rate required per person for one hour. Although the results could vary depending on the room’s infiltration rate, the fact that CO2 concentrations ranging from 2000 to 3000 ppm have been discovered in field surveys of existing houses indicates that this issue is difficult to solve by only considering infiltration differences [10,11].



In many previous studies related to CO2 concentration control in residential buildings, various demand-controlled ventilation strategies were provided, and their results were analyzed through simulations [12,13,14,15,16]. Some studies presented control methods using CO2, humidity, and occupancy sensors, and compared them through simulations [12,13,14]. Other work presented control methods using CO2 and total volatile organic compounds sensors and compared them using a simulation [15]. There have also been studies that investigated control methods using only occupancy conditions and compared them to simulations [16,17]. Although various conditions can be analyzed using simulations, the results may differ from real-world situations.



In terms of field experiments, a study adjusted the ventilation rate in two steps by examining the presence of occupants using the difference between the indoor and outdoor CO2 concentrations [18]. Field experiments were performed for a typical four-member family house in Denmark, but the target house had a larger area (140 m2) than a typical house in Korea, and the standard ventilation rate applied in the experiment was also higher.



Mechanical ventilation systems installed in Korean apartments generally provide the same ACHs to all rooms in three steps. This is because Korean law requires at least three levels of control for mechanical ventilation system performance, including 0.5 ACH. When the law was enacted, it was believed that the risk of sick building syndrome would decrease following building completion. As such, at present the minimum ventilation level of 0.5 ACH is used as an intermediate step and a 20–100% smaller or larger air volume has been provided for the three-step control. However, it is challenging to determine whether an appropriate air volume is provided in each situation [19]. Therefore, such systems are highly likely to result in different air qualities within each space, depending on the infiltration rate and/or the number of occupants.



In this study, the CO2 concentration was experimentally analyzed based on the number of occupants and various ventilation rates to analyze the differences among the rooms in an actual 84 m2 apartment unit, which is the typical apartment size in Korea. In addition, case studies were conducted to investigate the effectiveness of apartment ventilation systems.




2. Materials and Methods


2.1. Experimental Sequence


An analysis was conducted in the following sequence to examine the CO2 concentrations in 85 m2 apartment units and the degree of CO2 removal was assessed based on ventilation frequency.



Step 1: Analysis of residence time for each room



According to a 2019 survey conducted by Statistics Korea [20], a four-member family generally resides in an 85 m2 house. Thus, in this study, the number of residents in the target house was assumed to be four, including a couple and two adult children, and the residence time for each room was analyzed thoroughly.



Step 2: Experimental analysis of the infiltration rate in each room



Because the infiltration rate affects the change in CO2 concentration, the infiltration rate of each room in the target house was measured using the method proposed by KS F 2603 [21], when room doors were closed.



Step 3: Experimental analysis of the CO2 increment for each room



The infiltration rates confirmed in the field experiments were applied to a formula that can obtain the pollutant removal results for each ventilation rate. Field experiments were performed for the residence time and the number of occupants classified in Step 1. The error range was identified through a comparison with the CO2 concentrations obtained through the formula.



Step 4: CO2 analysis at various ventilation frequencies



The CO2 concentration was examined based on the number of occupants and various ventilation frequencies, using the formula and error range verified in Step 3.




2.2. Experiment Space and Measurement Equiptment


The experiment apartment in this study consisted of one living room and three additional rooms. The living room and two other rooms were placed on the southern side and one room was placed on the northern side.



Figure 1 shows the floor plan of the apartment unit used for the experiments. The volume of each room and the positions of the windows and doors are illustrated. R2 and R3 (children’s bedrooms) had windows on the southern side, and R1 (couple’s bedroom) had a small window on the northern side and a sliding door to the dressing room. The sliding door had a rail at the top and no frame at the bottom. All doors to the living room had a hinged structure with the top and bottom frames. An exhaust air duct system from the bathroom in Figure 1 is separate and not included in this experiment.



Figure 2 shows the positions of the supply and return diffusers and the heat recovery ventilator as well as the flow metering system (FMS, Taehung M&C, Anyang-si, Korea) that measures the air volume for each room. The FMS measured the static pressure of the duct and calculated the air volume based on the value of the self-averaging multi-pitot tube. The diffusers were motorized and used to adjust the ventilation rate. They enabled multi-step adjustment from complete closing (an opening rate of zero) to complete opening (an opening rate of 3000).



The CO2 concentration was measured by connecting the EE820 sensor (E + E Elektronik) for CO2 (Figure 3a) to the Graphtec data logger (Figure 3b). The measurement range of the EE820 sensor provided by the manufacturer was 0–10,000 ppm, with error ranges of approximately 2%. The air volume measured at the end of each duct was divided by the room volume to calculate the air change per hour for each room. This was displayed on a separate monitor to minimize errors.





3. Results


3.1. Analysis of the Residence Time for Each Room


To construct experimental cases, the actual usage schedule was examined based on the results of the 2019 Residential Status Survey conducted by Statistics Korea [21]. For the convenience of analysis, the time unit of behavior was divided into 30 min. Key survey results incorporated in this study included:




	
The average bedtime for Korean people was 23:22 and the average wake-up time was 06:55, resulting in an average sleeping time of 7 h and 27 min. The average sleeping time of people older than 40 was 1 h less than that of their children. In other words, in the case of a four-member family, it was assumed that the couple slept for 7 h and the two children for 8 h each.



	
Meal time ranged from 25 to 35 min, resulting in an average of 30 min. The preparation time for dressing and a shower before meals was assumed to be 30 min.



	
School and working hours were from 09:00 to 18:00, and the average commute time was 1 h and 16 min. In this study, the commute time was assumed to be 1 h and 30 min.








Reflecting the results of the Residential Status Survey we also assumed:




	
The couple goes to bed at 23:00 and wakes up at 06:00; the children wakes up at 07:00.



	
The family leaves from home at 07:30 and works or studies from 09:00 to 18:00. They return to home at 19:30.



	
The family has dinner for 30 min after a 30-min preparation allotment for dressing, and shower by approximately 20:30.



	
Assuming that they spend 30 min to 1 h out of 2 h and 30 min before bedtime (23:00) with other family members, the practical continuous residence time in each room was estimated to be less than 2 h.



	
As the target space is indoors, only light activities were assumed.








Based on the various schedules from 19:30 to 23:00 considered using the above conditions, the maximum number of occupants and residence time in each room could be obtained, as shown in Figure 4. The maximum residence time that occurred most frequently was 2 h, and the maximum number of occupants was four people in the living room, one person in R2 and R3, and two people in R1.




3.2. Analysis of the Infiltration Rate of Each Room


To calculate the infiltration rates of the living room + kitchen (LR + K), couple bedroom (R1), room 2 (R2), and room 3 (R3) (Figure 1), measurements were performed in accordance with KS F 2603 [22]. Equation (1) was specified in KS F 2603 (2016) to calculate the infiltration rate of a space using CO2 reduction data.


  Q = 2.303  V t    log   10      C 1  −  C 0     C t  −  C 0     



(1)




where Q is the supply air volume (m3/h), V is the space volume (m3), t is the time (h), C1 is the initial CO2 level (m3/m3), Ct is the CO2 concentration after hours (m3/m3), and C0 is the CO2 concentration in supply air (m3/m3).



Notably, the infiltration rate may vary depending on the season [23]; the infiltration rate calculation experiment in this study was conducted in March and April when the CO2 experiment was performed for each occupant. To examine the infiltration rate of each room with the door closed, CO2 gas was injected until its concentration reached 2000 ppm, and then natural attenuation was allowed. The experiment was repeated five times within 30 min, in accordance with KS F 2603 (2016). Table 1 shows experiment results for the maximum, minimum, and average infiltration rates of each room.




3.3. Mass Conservation Equation to Examine Indoor Air Pollution


Based on the mass balance equation, the indoor pollution concentration after time t can be obtained using Equation (2): The error from the experimental values was analyzed as follows:




	
With no separate ventilation, Q can be considered as the infiltration volume.



	
When mechanical ventilation was performed, the value obtained by adding the mechanical ventilation rate to the natural infiltration volume by the heat recovery ventilator was applied to Q. In this instance, the supply and return volumes were set to be equal by adjusting the speed of the supply and return fans before the start of the experiment. The values were examined using FMS in each room to minimize the influence of additional pressurization or decompression.



	
In Equation (2), the amount of CO2 generated (G) was calculated to be 18 L/h for adult males and 16 L/h for adult females, in accordance with ASHRAE 62.1 (2019) and KS F 2603 (2016).










  V   ∂ C   ∂ T   = Q  C 0  − Q  C i  + G  



(2)




where V is the space volume (m3), T is the time (h), Q is the air change volume (m3/h), C represents CO2 level (mg/m3), C0 represents CO2 level outside (mg/m3), Ci represents CO2 level inside (mg/m3), and G is the CO2 generation (mg/h).



Three cases of ventilation rates were set as follows:




	
No ventilation



	
0.5 ACH, which is the minimum ventilation frequency required by law



	
1.0 ACH, which is twice as high as the minimum required ventilation frequency








Each LR + K, R1, R2, and R3 with different infiltration rates was occupied by occupants for 2 h; the experiment was conducted based on the above three ventilation rates and the number of occupants as variables. In addition, the measured CO2 concentrations (E.V.s) were compared to the calculated values (C.V.). The data are summarized in Table 2.



As shown in Table 2, the calculated values differed by −6 to +5% from the experimental values under the no ventilation condition. In the 0.5 and 1.0 ACH ventilation rates, which are the experimental results during mechanical ventilation, the experimental value also differed by −11 to +6% from the calculated values.



The maximum number of occupants was analyzed as four for LR + K and two for R1, R2, and R3, as shown in Figure 4.



As a result of the experimental case analyses, R1, 2, and 3 showed CO2 concentrations exceeding 1000 ppm even with the highest ventilation case, 1.0 ACH. Accordingly, CO2 concentrations in the 1.5 ACH cases were additionally analyzed according to the formula, and the possible error ranges were indicated. In addition, the calculation results that expanded the analysis range considering the maximum residence time and maximum number of occupants are shown in Figure 5 and Figure 6 with the possible error ranges.



Figure 5 shows the increase in CO2 concentration in LR + K depending on the number of occupants and ventilation frequency, and the error ranges considering the experimental values are also expressed. The analysis results that considered these error ranges were as follows:




	
With no ventilation in LR + K (0 ACH), the CO2 concentration could exceed 1000 ppm, if four people stayed for more than 1 h or two people stayed for more than 3 h.



	
When a mechanical ventilation of 0.5 ACH was performed, the CO2 concentration could also exceed 1000 ppm, if four people stayed for more than 2 h.








Figure 6 shows increases in the CO2 concentration in R1, R2, and R3 based on the number of occupants and ventilation frequency. The key results were as follows:




	
With no ventilation, the CO2 concentration could exceed 1000 ppm under all conditions except when one person stayed for less than 1 h. In the case of R2 and R3, the CO2 concentration could exceed 2000 ppm, if two adult males stayed for 2 h.



	
When the minimum required 0.5 ACH ventilation was performed, the CO2 concentration in R2 with the lowest infiltration rate increased to 1089 ppm if one adult male stayed for 2 h and to 1757 ppm if two adult males stayed for 2 h. In particular, the CO2 concentration in R1, R2, and R3 exceeded 1000 ppm, if two adult males stayed for only 1 h.



	
When a 1.5 ACH ventilation was performed, CO2 concentration could be maintained at a level lower than 1000 ppm in R1, R2, and R3, even if one occupant stayed for more than 2 h. However, the CO2 concentrations in R1, R2, and R3 exceeded 1000 ppm and reached 1130, 1361, and 1206 ppm, respectively, if two occupants stayed for 2 h.



	
With a ventilation of 1.5 ACH, the indoor CO2 concentration ranged from less than 1000 ppm to slightly higher than 1100 ppm. The latter values occurred if two occupants stayed for 2 h, the most severe among the experimental conditions.










4. Discussion


In this study, the occupancy conditions of residents were examined in an 85 m2 apartment unit, which is the representative apartment size in South Korea. In addition, the improvement in indoor air quality based on occupancy condition and ventilation frequency was examined, with a focus on CO2 concentration.



The experiment and analysis results of this study can be summarized as follows:




	
The room occupancy scenarios of a four-member family living in an 85 m2 apartment unit were examined using statistical data, and the residence time schedule for each room was prepared. The maximum number of occupants and the maximum residence time were found to be four people and 4 h, respectively, for LR + K, and two people and 2 h, respectively, for each of R1, R2, and R3.



	
The infiltration rate for each room was obtained using the CO2 reduction method in accordance with KS F 2603. The CO2 concentration equation was then constructed for each case using the mass balance equation that combined these infiltration rates, and the error range was calculated by performing experiments under several conditions. In addition, the CO2 concentration was analyzed for various cases using this equation.



	
For the minimum required ventilation of 0.5 ACH, analysis results showed that it was difficult to maintain 1000 ppm or less if four people stay for more than 2 h in LR + K and if two people stay for more than 1 h in R1, R2, and R3, which is the minimum ventilation frequency by law.



	
Ventilation of 1.0 ACH or more was required for two people to stay in a bedroom for more than 1 h. Furthermore, 1.5 ACH or more was required for two people to stay for more than 2 h while maintaining a CO2 concentration of approximately 1000 ppm.








Overall, the findings from this study indicate that it is difficult to maintain a standard CO2 concentration of 1000 ppm when doors are closed as housing ventilation rates in domestic and overseas standards were calculated based on an apartment unit’s total area. In addition, results indicate that ventilation systems that can provide different air volumes for each room should be required in houses. However, increasing the capacity of fans or ventilating the total area at a high air volume for this purpose may result in high energy consumption. Therefore, research on energy-saving technologies is also required. In this study, only weekday results were analyzed, where residents have a general life pattern, and in cases except for other activities with higher emissions of CO2 e.g., exercise. During holidays, residence time tends to increase, which leads to a further increase in CO2 concentration when compared to the results of the present study. Future research should include various scenarios, such as holidays and various activity cases, and analysis should be conducted through simulations and field experiments. In addition, strategies to maintain indoor air quality using individual room control should be presented to provide an optimal indoor air environment with minimal energy use.
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Figure 1. Apartment unit plan and room sizes for experiments. 
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Figure 2. (a) Flow metering system (*FMS) and supply diffuser; (b) duct plan diagram; (c) heat recovery ventilator. 
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Figure 3. Equipment for experiments: (a) CO2 Sensor; (b) data logger. 
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Figure 4. Maximum residence for three cases: (a) LR + K; (b) R2 + R3; (c) R1. 
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Figure 5. Calculated CO2 concentration rates of LR + K, based on the experimental conditions with error ranges. * The bold text cases are analyzed by numerical calculations and error ranges without experiments in Table 2. 
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Figure 6. Calculated CO2 concentration rates of (a) R1, (b) R2, and (c) R3, based on the experimental conditions with error ranges. * The bold text cases are analyzed by numerical calculations and error ranges without experiments in Table 2. 
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Table 1. Infiltration rate analyzed by measurements.
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	Case
	LR + K
	R1
	R2
	R3





	Max
	0.37
	0.61
	0.25
	0.41



	Min
	0.25
	0.23
	0.15
	0.23



	Average
	0.33
	0.41
	0.20
	0.30



	Volume (m3)
	102.1
	33.8
	29.0
	32.6
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Table 2. Experimental results.






Table 2. Experimental results.





	ACH_O *
	LR + K

E.V. (C.V.)

(ppm)
	Dif.

(%)
	R1

E.V. (C.V.)2

(ppm)
	Dif.

(%)
	R2

E.V. (C.V.)

(ppm)
	Dif.

(%)
	R3

E.V. (C.V.)

(ppm)
	Dif.

(%)





	0ACH_1
	602(669)
	−6
	1002(1066)
	−6
	1459(1396)
	+5
	1231(1326)
	−7



	0ACH_2
	931(966)
	−1
	1875(1873)
	−1
	2385(2372)
	+1
	2389(2458)
	−3



	0.5ACH_1
	582(603)
	−3
	806(856)
	−6
	980(1088)
	−10
	982(1096)
	−10



	0.5ACH_2
	710(756)
	−6
	1488(1400)
	+6
	1732(1757)
	−1
	1651(1772)
	−7



	1.0ACH_1
	520(530)
	−2
	693(736)
	−6
	747(838)
	−11
	860(903)
	−5



	1.0ACH_2
	630(667)
	−5
	1002(1130)
	−11
	1476(1361)
	+6
	1361(1385)
	−2







* ACH: air change per hour, O: occupants (person), E.V.: experimental values, C.V.: calculated values, Dif.: difference between E.V. and C.V.
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