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Abstract

:

A household unit of an existing apartment in which residents lived was selected, and the indoor air quality in each space of the unit was measured for analysis. Analysis of the measurement data indicated that the concentration of carbon dioxide (CO2) constantly increased beyond 1000 ppm when a resident stayed indoors for an hour or more. Specifically, the concentration of CO2 increased when the resident was asleep to a level wherein negative impacts on health were observed. Moreover, the inflow of particulate matter (PM) was mainly caused by natural ventilation from the outside rather than the behavior of indoor residents, which generated an insignificant amount of PM. This study proposes a new ventilation system for solving the above-described problems. According to the system, when a window is closed, the window cavity created between a new frame and the existing frame is utilized as an air path for ventilation. The application of this system ensures a stable amount of ventilation through forced ventilation and prevents the inflow of external PM. Moreover, this system was designed to recover indoor heat through the window cavity and facilitate the pre-heating of outdoor air through heat collection based on solar radiation during the day.
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1. Introduction


There has been an increasing interest in the indoor air quality of buildings, as it is closely related to the health of residents. The indoor air quality of houses is affected mainly by pollutants that flow through ventilation and infiltration from the outside as well as those generated indoors. Pollutants generated from indoor building materials and furniture tend to decrease over time [1], and the levels of such pollutants are also being reduced through the current application of environmentally-friendly materials and mandatory measurement of air quality in newly constructed apartment buildings. However, pollutants generated by residents must be continuously managed. The main pollutants include PM, CO2 generated from breathing, carbon monoxide (CO), and nitrogen oxides (NOx) generated from cooking.



Previous studies have indicated that the concentrations of CO2 and PM (i.e., PM10 and PM2.5; PM10 is particulate matter 10 micrometers or less in diameter, PM2.5 is particulate matter 2.5 micrometers or less in diameter) in houses in Korea tend to exceed both the Korean and international standards for indoor air quality, and that maintenance regarding such pollutants is required. Special attention is needed to examine indoor air quality during the sleep time of a resident, which accounts for one-third of the day [2,3,4,5,6]. Bekö et al. [7] noted that the ventilation rate was likely to be low during the sleep time of residents. Canha et al. [8] also reported that the concentration of pollutants increased during the sleep time of residents. Many studies have been conducted to analyze the relationship between the concentration of pollutants during sleep and the quality of sleep. Some studies found that the work efficiency of residents the next day increased when the concentration of CO2 in their sleeping areas decreased [9,10,11,12]. Other studies [13] were also conducted to examine the relationship between the level of indoor exposure of residents to PM and the quality of their sleep. As a result, the hypnagogic state of residents during sleep time and their symptoms such as headaches and sore throats after sleep improved when they were less exposed to PM than usual. The results of the aforementioned studies show the importance of ventilation in that the degree of exposure to PM has a significant impact on the human body. Currently, three types of ventilation systems are being applied in residential buildings. The first is a ceiling-type ventilation system. Because the installation of a ventilation system became mandatory in 2006 in a residential area that was permitted for construction and included 100 households or more, ceiling-type ventilation systems, among the mechanical ventilation systems, have been generally applied. Other types of ventilation systems include natural ventilation systems and mechanical ventilation systems, both of which are installed on the envelopes of buildings.



Natural ventilation systems cannot ensure a stable amount of ventilation, because they rely on the difference in pressure between indoor and outdoor areas [14,15]. Moreover, these systems increase indoor cooling and heating loads, because outdoor air at high temperatures during the summer and low temperatures during the winter comes directly inside [16,17]. Some natural ventilation systems are equipped with filters as well as an existing method of window opening and closing, although they do not show a high level of efficiency for preventing PM [18,19,20]. Several studies have proposed natural ventilation systems that can recover heat through double glazing. Specifically, these systems were designed to recover heat lost from the inside to the outside and obtain heat through solar radiation during the daytime using the cavity of double glazing as an air path [21,22,23,24,25,26].



Ceiling-type ventilation systems account for most of the ventilation systems installed in houses. As wall perforation and ceiling construction are required to install ceiling-type ventilation systems, they are applied at once in all the units of buildings during new construction. In these systems, an amount of ventilation of 0.5 air changes per hour is set as a domestic standard for apartments and multi-use facilities. These systems can reduce the cost of air-conditioning and heating through heat recovery and ensure a stable amount of ventilation based on mechanical ventilation. However, they are unlikely to be installed in existing homes and cannot be moved to different places once they are installed. It is also difficult to perform maintenance work for the ducts and filters used in these systems. In addition, economic burdens regarding a great amount of construction costs are expected when they are installed in each household unit of the building [27].



Studies are being conducted to develop mechanical ventilation systems installed on the envelope of a building, which ensures convenient access to solve the aforementioned problems. There is a system that directly installs a ventilation device inside the outer wall, and there is a system that supplies fresh air into the inner space using the outer wall itself as a ventilation air path [28,29,30,31,32]. However, this type of mechanical ventilation system based on the use of the outer wall has disadvantages in that the wall structure must be replaced or perforation must be performed on the existing wall structure. In this regard, studies on mechanical ventilation systems using opening parts are also being performed [33]. This type of mechanical ventilation system can be easily installed in the existing windows in the horizontal or vertical form. Some mechanical ventilation systems using opening parts can also reduce energy consumption through heat exchange. However, when this type of mechanical ventilation system is installed as a separate unit to the opening part, it can lead to problems such as a requirement for a large area, the disturbance of a hypnagogic state, and difficulty in providing an external view owing to the installation of a fan, a heat exchanger, and a flow path.



Accordingly, this study aims to develop a new ventilation system that is applicable to existing homes and can be easily installed by anyone. In summary, the developed system must secure sufficient ventilation, ensure pre-heating at cold temperatures in winter, and block particulate matter. Furthermore, the system should perfectly fit into the existing windows and occupy as small an area as possible such that the view from the inside cannot be obstructed.



To derive performance criteria and functions of a ventilation system, apartment households occupied by residents were selected first, and the indoor air quality encompassing CO2, indoor/outdoor PM levels, temperature, and humidity were measured in each space. Each of the target households was divided into a living room/kitchen, a master bedroom, and a second bedroom. Occupants use each space for different purposes. Occupants’ behaviors (sleep, cook, rest, and so on) and air quality were analyzed for each space to derive implications. Based on these implications, the concept of a ventilation system necessary for improving air quality was designed. Then, an ultimate ventilation system was developed through a simulation-based optimal design considering the performance under both operating and non-operating conditions of the fan.




2. Methods


2.1. Measurement of Indoor Air Quality


2.1.1. Outline


Figure 1 shows the measurement target. The target apartment unit is located in Magok-dong, Gangseo-gu, Seoul-si. As the apartment building was constructed in April 2017, it is typically classified as a newly built apartment. In this apartment unit, the area for exclusive use was established as 84.98 m2, with the floor level as 2.3 m, and the number of floors as 10. A central heating system was applied, and an air-conditioner installed in a living room for family use was not operated during the experiment.



The living room and kitchen, Room 1 and Room 2, were selected as experimental target areas because residents used these areas for specific purposes, and their behavior was regular within them. The experimental period was selected as 30 September 2019 to 30 October 2019 to identify changes in indoor air quality caused by natural ventilation. Four people lived in the target household unit, including two working adults and two preschool children. Residents did not stay in the place during the daytime on weekdays in which adults went to workplaces and children went to a kindergarten. Therefore, the density in the unit was high in the morning and the evening. Measurements of indoor temperature and humidity (TESTO480), CO2 (TESTO480), and internal and external PM (AEROCET 531S) were performed to obtain data for the analysis. The measurement time was set differently based on the external weather conditions and the schedules of residents for staying in the unit. Because CO2 mainly came from residents’ breathing, it was measured mainly at the time when the density of residents staying in the place was high. PM was mostly positively correlated with high outdoor PM levels (PM10 > 50 µg/m3, PM2.5 > 25 µg/m3 according to WHO standards) and a high rate of indoor activities performed by the residents. The central points of each space were selected as measurement points, and the height was set as 1.2 to 1.5 m from the floor.




2.1.2. Data Analysis


Figure 2a shows the concentration of CO2 in the living/kitchen rooms. When two adults and two preschool children stayed in these rooms for an hour or more, the concentration of CO2 exceeded 1000 (domestic recommended standards for indoor air quality) ppm, which was the standard for the indoor air quality. Notably, the concentration of CO2 exceeded 1500 ppm during the evening time when cooking was performed. However, it decreased to 1000 ppm or less when natural ventilation was performed for 10 min, and it was measured as 500 to 600 ppm at midnight, during which time residents did not stay in these places owing to infiltration.



Figure 2b shows the concentration of PM in the living/kitchen areas. The outdoor concentrations of PM10 and PM2.5 during the experimental period were 40 to 90 µg/m3 and 20 to 40 µg/m3, respectively. Based on this result, the concentration of internal PM was affected by factors related to the behaviors of residents rather than external effects. Notably, the concentration of PM10 rapidly increased to 470 µg/m3 during the cooking time.



Figure 3a shows the concentration of CO2 in Room 1. A resident used this room for taking a rest and sleeping after working. The concentration of CO2 in this room constantly increased after the resident came in and exceeded 2700 ppm after the resident woke up in the morning. Subsequently, it decreased to 1000 pm or less through natural ventilation for 10 min. Based on this result, the supply of outdoor air through ventilation was required given that the target room was used for specific purposes, that the residents used the room regularly, and that the concentration of CO2 was notably high.



Figure 3b shows the concentration of PM in Room 1. During the experiment, the outdoor concentration of PM10 was as high as 260 µg/m3 and that of PM2.5 ranged from 30 up to 120 µg/m3. The concentration of internal PM was maintained at an acceptable level without being greatly affected from the outside owing to the insignificant impact of infiltration. However, the concentration of internal PM tended to temporarily increase somewhat when the resident came in or out of the room owing to the resuspension of PM. When natural ventilation was performed, the concentration of PM10 instantly increased by approximately three to four times to 140 µg/m3.



Figure 4a indicates the concentration of CO2 in Room 2. An adult and two preschool children used this room for sleeping at night. The concentration of CO2 constantly increased to approximately 4000 ppm after they began sleeping in the room. This result was derived because the output of CO2 was high based on the spatial volume, and the room was sealed for several hours. The concentration of CO2 decreased to 1000 ppm or less through natural ventilation performed for 30 min after the target residents woke up.



Figure 4b shows the concentration of PM in Room 2. During the experiment, the outdoor concentration of PM10 was as high as 50–240 µg/m3, and that of PM2.5 ranged from 20 up to 80 µg/m3. The concentration of internal PM was maintained at an acceptable level without being greatly affected from the outside owing to the insignificant impact of infiltration. However, the concentration of internal PM tended to temporarily increase somewhat when the residents came in or left owing to the resuspension of PM. External effects were insignificant because natural ventilation was not performed in this room.





2.2. Development of Ventilation System


2.2.1. Concept Development


A small room similar to Room 1 based on spaces composing the floor plan of a general apartment household unit was selected as the target area for the application of the ventilation system in this study. This room was selected given that a small room is used for specific purposes, such as working and sleeping, and that the improvement of air quality is required owing to the large amount of CO2 emissions compared to the spatial volume based on the aforementioned experimental results.



Figure 5 shows the concept of the ventilation system. An additional window frame with a ventilation function is applied to the existing window. Thus, when the window is closed, a cavity, which is created between window frames, serves as an air path for ventilation. The additional frame has the same material and finishing as the existing frame, thereby ensuring design consistency. On the outside, the frame does not show any application of the mechanical system. Another advantage of the proposed system is that, as the width is 65 mm, it occupies as small an area as possible and minimally affects the view from the inside.



Polyvinyl chloride (PVC), a generally used material for windows, is used for the ventilation system, and this system is formed in a "U"-shape consistent with the existing window frame. This system can be attached or detached on the existing window frame and does not generate either a gap or a distance in the process of installation for airtightness. The cavity is 45 mm in width, 20 mm in depth, and 1940 mm in height and serves as an air path connected to the outdoor air intake and the indoor air supply outlet.



Figure 6 shows the operational principle of the ventilation system under the condition of winter temperatures. When heating is performed to set the indoor temperature to 20 to 24 °C, indoor heat is transferred to the cavity based on convection and conduction. In other words, the air at a temperature of 0 to 5 °C, which flowed from the outside, was supplied to the indoor areas through pre-heating to reduce energy consumption and ensure the thermal comfort of residents. During the daytime, the effects of solar radiation led to an increase in the internal temperature of the cavity and acquisition of additional heat.




2.2.2. Design Process


Figure 7 shows the design process of the proposed system. In the typical winter climate of Korea, there is a large difference between outdoor and indoor temperatures, and heating energy consumption increases dramatically. In addition, during winter and spring, the outdoor PM concentration was relatively high. Accordingly, because the proposed ventilation system was expected to be especially useful in winter, its performance-based design was performed under winter climate conditions.



First, referring to a condensation prevention standard, the thermal performance was examined through a heat transfer simulation. For any simulation-based model design, it is necessary to ensure the reliability of the values. For this reason, a window frame without a ventilation function was installed in the existing window of the apartment unit and measurements were made. The measurements were compared with simulation results. Candidate cases were then selected according to the shape modification of the window frame and the application of insulation in each location, and the simulation was carried out. After determining whether the cases caused condensation, an optimal case was selected by considering low-temperature outdoor air inflow into a cavity.



Subsequently, the optimized design of the internal supply temperature and amount of ventilation was performed in terms of the operational conditions. As solid and fluid analyses must be examined concurrently, the numerical conjugate heat transfer equation of the CFD (Computational Fluid Dynamics) simulation was applied. A curve was derived through the system flow rate and ΔP (pressure drop) in the ventilation system. Then, based on the points of contact with a fan curve, actual flow rates were calculated according to each fan speed, and the design flow rate reflecting ΔT (pre-heating effect) was ultimately obtained.




2.2.3. Heat Transfer Simulation


A heat transfer simulation was conducted to identify vulnerable system parts to heat loss and examine the location of shape modification and insulation material enhancement to prevent condensation. TRISCO 11.0 was used as a simulation program with the purpose of examining insulation and condensation based on the 3D heat transfer analysis of construction materials. For the boundary condition, PVC, which had a thermal conductivity of 0.17 W/m × K and a low-emissivity insulation of 0.025 W/m × K, was used.



The reliability of the values had to be ensured to perform an analysis based on simulation data in the study. In this regard, the window frame in the initial shape was applied to the existing window of the actual residential area for measurement. The data were analyzed based on the outdoor and indoor temperatures corresponding to the steady-state condition.



Figure 8a indicates measurement points for the simulation and practical measurements. The outdoor temperature was set as 2 °C and the indoor temperature as 24 °C. Additionally, the surface temperature at three points was measured. The first point was located at the inner area, the second point at the inner side of the inner window profile, and the third point was located at the external side of the inner window profile. Figure 8b shows temperatures at each point based on measurement and simulation values. Differences of 0.4 and 0.7 °C were found at the second and fourth points, respectively. However, as can be seen in Table 1, the values were confirmed to be appropriate for the execution of the simulation because the error rate was insignificant.



Five cases were examined to estimate the status of condensation. The indoor temperature was set as 25 °C, outdoor temperature was −15 °C, and relative humidity was 50% based on the domestic design standard for the prevention of condensation at windows. The minimum temperature at the surface of the indoor areas was compared with the dew point to determine the status of condensation.



Figure 9a shows five cases of simulations from the case of the initial shape of the window frame applied to the case of insulation materials applied to the external cavity in the window frame. We assumed that the insulation materials were so closely applied as to leave no gap behind. The analysis domain excluded the air supply outlet at the upper part of the interior side and the outdoor air intake at the lower part of the exterior side. Figure 9b shows the comparison of the surface temperature according to points, which was calculated based on each case. The first point refers to the indoor temperature, the second point to the surface temperature at the indoor area, the third and fourth points to the surface temperature at the cavity used as an air path during ventilation, and the fifth point to the outdoor temperature.



In Case 1, the window frame in the initial shape was used. The wing part on the right side was vulnerable to heat loss, and this part led to a decrease in the surface temperature at the indoor area to 6.3 °C and a high probability of condensation. In Case 2, the wing part on the right side of the window frame was removed without the application of insulation materials. The indoor surface temperature and air path temperature in Case 2 were slightly higher than those in Case 1. However, a risk of condensation was observed in some parts because the minimum temperature at the indoor surface was below the dew point temperature. In Case 3, insulation materials were applied to the inner window frame in the indoor areas. The surface temperature at the indoor area, which was represented by the second point, significantly increased. However, a risk of condensation was still observed given that the minimum surface temperature was 13.3 °C at the part connected to the window frame. In Case 4, insulation materials were applied to the inner window frame in the outdoor area. The insulation performance in Case 4 was the best compared to those in other cases. A risk of condensation was not observed in any of the parts with the surface temperature of an indoor area of 14.4 °C. The temperature of the cavity used as an air path was also high. In Case 5, insulation materials were applied to the inner and outer parts of the window frame. The indoor surface temperature was the highest and showed no risk of condensation. However, the temperature of the air path was not as high as that of Case 4. This was because the application of insulation materials to the inner part of the window frame reduced the heat transfer rate from indoors to the air path.



Table 2 comprehensively presents the minimum indoor surface temperatures, dew point temperatures, and condensation status of each case. Cases 4 and 5 showed no risk of surface condensation. However, the conditions assumed that no ventilation system was in operation. Ventilation was expected to bring low-temperature outdoor air into the air path during winter and to lower the indoor surface temperature. Accordingly, the indoor surface temperatures were compared under the assumption that the air path was filled with low-temperature air. Figure 10 shows the simulation result of surface temperature in the indoor area under the assumption that the temperature of the air path was set at −15 to 0 °C in Cases 4 and 5. In Case 4, when the temperature of the air path was −10 °C and below, the indoor surface temperature became very low. On the other hand, in Case 5, when the temperature of the air path was −15 °C, the indoor surface temperature was 17 °C, which demonstrated that the insulation performance was stably ensured. For this reason, Case 5 was chosen as the optimal case.




2.2.4. CFD Simulation


As described above, the optimized case under non-operating conditions was derived through a heat transfer simulation. Then, an optimal flow rate was designed by performing a heat flow CFD simulation based on the case. STAR CCM+ was used for the CFD program. A steady state analysis was performed with the boundary conditions of 20 °C on the indoor side and 0 °C on the outdoor side. Two indoor air supply outlets and two outdoor air inlets were adopted for the modeling. The number of indoor air supply points was adjustable according to the necessary flow rates. This system assumed a combination of the air flow through the air path and the heat transfer of the PVC and insulation. Accordingly, a numerical equation (Equation (1)) was used, which enables a conjugate heat transfer analysis of the fluid and solid.



Solid–Fluid Conjugate Heat Transfer


   T  solid | surface     =    T  fluid | surface     q  solid | surface     =    q  fluid | surface    − K   ∂ T s o l i d   ∂ n   |    surface     =     h f    (   T surface  −  T ref   )    +     q rad     +     q c     + ⋯  



(1)




where  n  is the surface outward normal; Ks is the solid conductivity; hf is the fluid heat transfer coefficient; Tref is the characteristic fluid temperature (for example, the domain means or near wall cell temperature); and qrad and qc correspond to the net radiative heat flux and added heat flux due to phase change, respectively.



First, a curve between the pressure drop and flow rate in the air path of the ventilation mode was derived. Then, operating points were derived through the points of contact between the curve and fan performance curves, and actual flow rates were estimated. Finally, optimal design flow rates were selected by examining the pre-heating effect and actual flow rates for six fan speeds.



Table 3 compares the results for the six fan speeds. The comparison results include the indoor air supply velocity, actual air flow, indoor surface temperature, and air change rate (for a small room with a volume of 25 m3).



The higher the fan speed, the indoor air supply velocity, and the air flow tended to increase. However, the indoor surface temperature decreased slightly. This may be because a substantial indoor heat loss occurred as the air velocity increased and the temperature was lowered inside the air path. Based on the actual flow rates of each case, the air change rate was calculated to range from 0.09 to 0.86 air changes per hour. The target air change rate of the ventilation system was 0.5 air changes per hour. Thus, when the actual air volume and the air change rate per volume in the ventilation system were considered, Cases 4 to 6 were determined to be appropriate.



Figure 11 shows a graph illustrating the relationship between the actual air volume and pre-heating temperature at each fan speed. Here, the pre-heating temperature was estimated based on the supply temperature. The actual air volume was inversely proportional to the pre-heating effect. In other words, the larger the actual air volume, the smaller the pre-heating effect. This is because the heat transfer rate through convection is reduced at an increasing air supply velocity. Consequently, if both the fan speed and the actual air volume increase, the indoor air change rate also increases, which can improve indoor air quality. On the other hand, as the indoor air supply temperature decreases, occupants’ thermal comfort declines, and the cost of heating ultimately increases. Additional problems may include the power consumption of the fan motor and noises. Accordingly, an optimal balancing point between the actual air volume and pre-heating temperature is essential. Among Cases 4 to 6, which satisfy the amount of ventilation required by the target application space, this study selected Case 4 as the optimal case because it produced the largest pre-heating effect.



Figure 12a shows the analytic results of Case 4 along with the temperature distribution from the center part to the indoor air supply point in the ventilation mode. As a sufficient amount of ventilation was ensured with only a single opening part, only the upper part was set open with the lower part closed.



The upper air supply part had an average temperature of 8.9 °C. Because the air inflow condition was 0 °C, the pre-heating effect of the indoor air supply was 8.9 °C. The heat exchange efficiency of the proposed ventilation system was lower than that of general ventilation systems based on heat recovery. However, this proposed system can be regarded as a substitute ventilation system from the perspective of residents considering the problems of general ventilation systems, such as an increase in the price owing to the application of heat exchange elements and the occupied area, the occurrence of condensation in the indoor area, and the difficulty of maintenance.



Figure 12b shows the velocity magnitude at the air path. The maximum velocity was 8.3 m/s near the indoor air supply outlet, and the average indoor air supply velocity was 3.02 m/s.





2.3. Results and Discussion


A household unit in the existing apartment in which residents lived was selected as the target area for this study, and the indoor air quality of each space in the unit was measured for data analysis. The concentration of CO2 in the living/kitchen areas exceeded 1000 ppm when four people stayed in these areas. Nevertheless, this was not considered a serious threat because these areas were open with frequent access available to these areas. However, we determined that the concentration of PM should be managed during the cooking time through local ventilation using kitchen hoods. In Rooms 1 and 2, the concentration of CO2 constantly increased during the sleep time of residents. This result indicates that the exchange of air with outdoor air is urgently required.



However, the concentration of internal PM also instantly increased to a substantial level through natural ventilation owing to the concentration of external PM. Based on this result, we determined that the inflow of PM should be controlled during the exchange of indoor air with the outdoor air.



The ultimate design of the ventilation system was derived through the development of the system concept, heat transfer, and CFD simulation, as indicated above. Table 4 shows the specific details.



Figure 13a,b display the upper and lower parts of the designed 3D ventilation system, respectively. At the upper part of this system, a fan was applied to force the outdoor fresh air to flow into the indoor areas. The upper part of this fan was finished with a vent grill. Low-emission insulation with a thermal conductivity of 0.025 W/m × K was applied at the internal sides of the "U"-shaped area to perform insulation and prevent condensation. At the lower part, a hole was generated to allow the external fresh air to flow into the internal area. A filter net was applied to the hole to prevent PM, and the filter grade was established as H11 (EN1822) consistent with the grade of high-efficiency particulate air (HEPA) filter. This filter was used to filter the PM, and the resident was allowed to easily replace it with another one when it could no longer be used.





3. Conclusions


This study proposed a new ventilation system that was appropriate to the room of an apartment in which the improvement of indoor air quality was analyzed based on the aforementioned experimental results. This system can be easily applied to existing houses without ventilation systems and utilizes a window cavity, which is created between a new frame and an existing one, as an air path for ventilation. Specifically, insulation materials were used in the cavity of the window frame to prevent condensation. A filter net was also applied on the external sides of the lower parts to control the inflow of PM. The locations of insulation materials were examined based on the heat transfer simulation, and the balance between the actual flow rate and pre-heating temperature was optimized through a CFD simulation analysis. When the ultimate design flow rate of 12.5 CMH was assumed, the indoor heat transfer alone could result in a pre-heating effect of 8.9 °C.



The application of the ventilation system designed in this study sufficiently enhances the indoor air quality in the small room targeted in this study. Moreover, it is also expected to decrease the concentration of CO2, which rapidly increases during the sleep time of residents.



Field measurements are essential to substantially verify this developed system. Further studies will be conducted to generate a practical mockup type of the developed system and apply it to the actual space for verification processes. In addition, the possibility of implementing this system as a practical product will be examined through a comprehensive analysis based on the status of the satisfactory amount of ventilation, verification of supply temperature, and the effects of PM prevention.
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Figure 1. Measurement target. (a) The view of the apartment selected for measurement. (b) The floor plan and measurement points. 
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Figure 2. Carbon dioxide (CO2)/particulate matter (PM) concentration of the living/kitchen area. (a) CO2 concentration and (b) PM10 and PM2.5 concentrations. 
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Figure 3. Carbon dioxide (CO2)/particulate matter (PM) concentration of Room 1. (a) CO2 concentration and (b) PM10 and PM2.5 concentrations. 
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Figure 4. Carbon dioxide (CO2)/particulate matter (PM) concentration of Room 2. (a) CO2 concentration and (b) PM10 and PM2.5 concentrations. 






Figure 4. Carbon dioxide (CO2)/particulate matter (PM) concentration of Room 2. (a) CO2 concentration and (b) PM10 and PM2.5 concentrations.



[image: Sustainability 12 08391 g004]







[image: Sustainability 12 08391 g005 550] 





Figure 5. Ventilation system concept. (a) Drawing and (b) installation of ventilation system. 
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Figure 6. Operational principle of the proposed ventilation system (winter). 
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Figure 7. Design process of the proposed ventilation system. 
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Figure 8. Comparison of measurement and simulation. (a) Measurement points and (b) surface temperature according to points. 
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Figure 9. Comparison of five cases. (a) Shapes by case. (b) Surface temperature according to points. 
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Figure 10. Indoor surface temperature according to the air temperatures in the air paths. 






Figure 10. Indoor surface temperature according to the air temperatures in the air paths.



[image: Sustainability 12 08391 g010]







[image: Sustainability 12 08391 g011 550] 





Figure 11. Relationship between the air volume and pre-heating temperature. 
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Figure 12. Temperature and velocity of the ventilation system. (a) Temperature distribution of the air path; (b) velocity magnitude of the air path. 






Figure 12. Temperature and velocity of the ventilation system. (a) Temperature distribution of the air path; (b) velocity magnitude of the air path.



[image: Sustainability 12 08391 g012]







[image: Sustainability 12 08391 g013 550] 





Figure 13. Ventilation system component temperature and velocity of the ventilation system. (a) Upper components; (b) lower components. 
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Table 1. Error rate between the measurement and simulation results.
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	Point
	1 (Indoor)
	2
	3
	4
	5 (Outdoor)





	Measurement (°C)
	24
	16.7
	16.6
	3.2
	2



	Simulation (°C)
	24
	17.1
	16.6
	3.9
	2



	Error rate (%)
	-
	0.02
	0
	0.18
	-
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Table 2. Minimum surface temperature and condensation status.
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Point

	
1

	
2

	
3

	
4

	
5

	
Min. Surface Temperature

	
Dew Point

	
Condensation Status






	
Case 1

	
25

	
14.5

	
2.7

	
−2.9

	
−15

	
6.3

	
13.9

	
Yes




	
Case 2

	
25

	
16

	
5.2

	
−0.8

	
−15

	
13.2

	
Yes




	
Case 3

	
25

	
20.6

	
4.2

	
−3.9

	
−15

	
13.3

	
Yes




	
Case 4

	
25

	
19.3

	
10.1

	
2.3

	
−15

	
14.4

	
No




	
Case 5

	
25

	
21.2

	
6.7

	
−0.2

	
−15

	
14

	
No
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Table 3. Comparison of the results according to cases.
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	Cases
	Fan Speed (rpm)
	Supply Air Velocity (m/s)
	Supply Air Flow (CMH)
	Average Surface Temperature (°C)
	Air Change Rate (ACH)





	1
	5500
	0.62
	2.3
	16.5
	0.09



	2
	10,000
	1.47
	6.3
	15.8
	0.25



	3
	13,000
	2.62
	10.7
	15.5
	0.43



	4
	15,000
	3.02
	12.5
	15.4
	0.5



	5
	18,000
	3.91
	15.9
	15.3
	0.64



	6
	19,000
	5.05
	21.5
	15.2
	0.86
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Table 4. Ventilation system.






Table 4. Ventilation system.





	
Components

	
Number of Units

	
Specification






	
Window Frame

	
1EA

	
Materials

	
PVC




	
Size (mm)

	
W65, D40, H1940




	
Low-e Insulation

	
2EA

	
Thermal Conductivity

	
0.025 W/m × K




	
Fan

	
1EA

	
Rated Voltage

	
12VDC




	
Input Current

	
0.25 A (max 0.5 A)




	
Speed

	
15,000 RPM




	
Actual Air Volume

	
12.5 CMH




	
Size (mm)

	
40 × 40 × 28




	
Particle Filter

	
2EA

	
Types

	
Matters




	
Grades

	
H11 (EN1822)




	
Vent Grill

	
2EA

	
Size (mm)

	
40 × 80
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