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Abstract

:

The paper analyses the performance of a five-storey apartment building equipped with modern passive stack ventilation in Nordic conditions. The passive stack ventilation system was retrofitted in 2019, and novel self-regulating air inlet devices with filters were equipped. The building was simulated with IDA ICE software, where the model of the self-regulating terminal units was developed using manufacturer product data. Several case scenarios were created to analyze the effects of poor maintenance, improved airtightness, and window opening on the system performance. For the analysis, one-room and three-room apartments on the second and fifth floors have been chosen. The CO2 concentration and indoor air temperature were analyzed and compared with EN 16798-1 standard guidelines. The results show a significant effect of poor maintenance and possibility to open windows on the CO2 concentration. The results also show a trend for the one-room apartments to overheat despite having a higher air change rate than the three-room apartments. The three-room apartments tolerate over-heating, although they are much more sensitive to poor maintenance. Furthermore, the apartments on the fifth floor are even more sensitive to poor maintenance, and three-room apartments there showed warning levels of CO2. Improving the envelope airtightness does not benefit the IAQ of the apartments.
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1. Introduction


The general function of the building ventilation system is to provide occupants with enough fresh air while maintaining high energy efficiency. According to the WHO, IAQ is one of the most important determinants of human health and well-being, thus playing a significant role in the indoor environment of the building [1]. In the European Union (EU), most countries have their national building codes and normative documentation for the building design, which are binding [2]. The preferable indoor air quality and airflow rates are presented in the EU directives, binding for EU countries and standards. They are presented in such documents as Energy performance of buildings directive with levels of Energy performance Certification, EN 16798-1 standard in general, and EN 15214 in specific for the IAQ (indoor air quality) [3,4,5]. Most recommendations and buildings codes consider the minimum airflow rate, temperature level and CO2 concentration. In Finland, the building stock ventilation construction and design requirements are provided by the Ministry of Environment [3,6,7]. The documents consider new and retrofitted buildings separately as buildings of different ages present the stock [8].



Mainly, in Finland, the residential building stock is presented by 85% of all buildings. Blocks of flats represent only 4% of this number. However, they account for approximately 30% of the total floor area of the residential building stock and around 1.3 million occupants for the buildings with four floors or higher [9]. The buildings constructed before the 1950s are mostly equipped with passive stack ventilation. After the 1960s and until the 2000s, apartment buildings were typically equipped with mechanical exhaust ventilation thanks to the reliable and predictable airflow rates. New apartment buildings are mostly equipped with balanced mechanical ventilation [10].



The new buildings are required to follow strict heat losses standards, calculated with the compensation principle [7]. Although, starting from 2018, the requirements have changed, making it possible to utilize natural ventilation systems in buildings in certain conditions. After renovation and retrofitting, if a ventilation system is changed in an old building, it should have at least 45% heat recovery. However, if only the envelope is retrofitted, the ventilation system could remain the same [10,11]. Additionally, in the case of protected buildings, energy performance requirements are not applied instead of following the standard requirements for major renovation often require separate permission for retrofitting from the Finnish Heritage Agency. In practice, it creates a building stock equipped with natural ventilation presented with a passive stack ventilation system that operates in Nordic conditions.



Overall, natural ventilation utilizes the wind driving forces and thermal buoyancy forces to provide airflow [12]. The basic wind-induced ventilation concept is windows opening ventilation with single or crossflow. This approach is widely used in detached houses and apartment buildings in warm climates [13,14,15]. However, these systems are likely to create draughts and are not applicable in cold climates. Wind towers and windcatchers have been introduced to further the advancement of technology in cold climates. This approach gives a centralized source of airflow, which may be distributed and used to create systems with heat recovery and regulated airflow rate. These systems have limitations applied to the residential apartment buildings though, such as building height, floor number and local weather conditions [13,16].



On the other hand, natural ventilation can also be realized by thermally induced ventilation. The passive stack ventilation systems often present a basic ventilation strategy of this type. This approach is widely used in the cold climate to create underpressure in the apartments, thus enabling ventilation by infiltration through the envelope. However, these systems are strongly dependent on the outdoor conditions and the indoor-outdoor temperature difference [17]. The advancement of this technology includes solar chimneys and double skin facades. The solar chimneys create a centralized air distribution that is also controllable. However, this technology requires a significant amount of solar radiation throughout the year [18,19,20]. The double-skin facades create buoyancy-driven airflow between internal and external envelopes or between external and internal glazing. This airflow may be controlled and utilized for heat recovery. These systems are energy-efficient but sophisticated and mainly utilized in office buildings [21,22,23].



In practice, old buildings are usually equipped with passive stack ventilation systems with windows opening ventilation for the warm period of the year [24]. Some of these buildings are also equipped with self-regulating inlet devices. The inlet devices maintain the designed airflow rate by different means: indoor-outdoor pressure difference, outdoor temperature, or manually controlling the slot size [25,26]. The devices with pressure control show a reliable constant airflow rate in laboratory measurements [27]. Component performance field studies for warm and mild climates show a predictable performance for cases with a 10 Pa pressure difference or higher, thus, the airflow characteristics depend on the opening degree of the slot [28]. The system simulation studies of different types of buildings with mechanical exhaust ventilation and passive stack ventilation with self-regulating inlet devices in Belgium indicate poor IAQ conditions for low-pressure indoor to outdoor difference and possible draft issues [29]. The field studies with occupant surveys in Portugal assessed the IAQ in social buildings with partly natural ventilation, introduced by self-regulated inlets. It is reported that the average air change rate is 0.6–0.7 ACH and thermal comfort, presented with PMV and PPD in class B [4,30]. However, it is also reported that self-regulated inlets had been sealed in 40% of apartments due to draft issues and cold sensations during the winter [31]. Further laboratory device testing and investigation showed malfunction of pressure-control inlets due to the membrane, leading to an inconsistent airflow rate that differs from manufacturer data [32]. Another field study in Porto of 40 social residential buildings showed an air change rate level of 0.35 ACH in winter, best-case scenario, and around 0.1 ACH in August, in the worst-case scenario. Some of the inlets were also sealed by the occupants [33]. A study in the UK has identified that, for a significant period of time, the supply of outdoor air via the inlet devices will not provide a Category A according to the UK building regulation [30] perceived indoor air quality index [34].



In the Nordic climate, the interest in implementing such devices is presented in retrofitting protected or heritage buildings. These buildings have limited or no access to the retrofit of the envelope and ventilation system. Some retrofitted apartment multi-storey buildings in Finland are equipped with self-regulating inlets with outdoor temperature control to preserve a natural passive stack ventilation system. The ventilation system is designed for the nominal conditions; however, natural ventilation performance depends on the outdoor conditions, and yearly performance has not been assessed. Some studies have investigated the performance of the self-regulated inlet devices in cold climate via CFD analysis [35,36]; yet, no studies regarding the building ventilation system performance in Nordic climate were found. Another investigated performance of slot-controlled or pressure-controlled inlet devices, although the self-regulating inlet device with outdoor temperature control, which works on reducing the inlet area when the outdoor temperature decreases, was not assessed or simulated in the literature.



The paper novelty comes from the performance assessment of a multi-storey apartment building with natural ventilation retrofitted with self-regulated air inlets in Nordic climate. The building presents old heritage and protected building stock with limited or no access to the ventilation system reconstruction, demanding to be retrofitted to perform according to the EN energy and IAQ standards [37,38]. The importance of renovation and decarbonization of old stock buildings also empathizes with the recent European renovation wave strategy [39]. Natural ventilation systems performance depends on outdoor and weather conditions and may significantly vary during the year, making it essential to make a simulation to meet the requirements. The building performance simulation reflects various cases with the effect of poor maintenance, different retrofit strategies such as the implementation of shading and improved envelope airtightness, and effect of buildings user behaviour. Such a ventilation system has individual filters for each apartment, making maintenance demanding. The poor maintenance cases investigate the influence of dirty inlet device filter, passive stack duct, and a combination of those. The different airtightness cases describe the influence of envelope retrofitting. The air movement is also provided by infiltration and exfiltration through the building envelope; thus, the airtightness of the building might also influence the ventilation system performance. The occupant behaviour cases describe different schedules for opening windows and doors as the occupants operate doors, possibly creating additional airflow resistance. The research evaluates the impact of these factors on the system performance, along with weather conditions and building height. In this study, a building model was created in IDA ICE with a custom component to describe the temperature-dependent self-regulating inlet. The IAQ parameters were calculated and evaluated concerning requirements and legislation. The internal airflows were also calculated for various periods and assessed. The main research question is if the ventilation system with modern passive stack ventilation has sufficient performance in a multi-storey building in the Nordic climate.




2. Materials and Methods


2.1. Target Values


The chosen parameters reflect such metrics as CO2—the direct IAQ indicator and reflection of the EN standards, temperature—thermal comfort and overheating indicator, internal airflow and air change rate as an indicator of IAQ, internal airflow patterns and reflection pf EN standards. The target values used in this paper are based on national Finnish building codes, legislations and European standards EN 16798-1 [38] and EN 15251 [37] for the IAQ parameters, the CO2 concentration in residential apartments in specific.



The requirements forced by the Ministry of the Environment define overheating in the living spaces of the buildings as apartments being more than 150 °Ch over 27 °C [7]. This requirement applies to the simulated indoor temperature from June to August in the design phase of the new building, and the simulation input data required by the building code are used. In this paper, this rule is used to evaluate overheating risk and thermal comfort. However, it is not applicable to fulfil this requirement due to the different building code input data. Additionally, the requirement by the Ministry of Social Affairs and Health of Finland for all the existing residential buildings or other living spaces is 30 °C as the maximum health-related temperature for the elderly people who are cared for in the residential living spaces and 32 °C as the overall maximum indoor air temperature [40].



The guidelines suggested by EN 15251 are applied for CO2 concentration analysis. The CO2 concentration is presented for the I to IV indoor air categories with a base concentration assumed to be 430 ppm [41]. The categories from I to III present acceptable CO2 levels, also referring to the apartment airflow rates. The IV category presents all other possible cases allowed in the apartments only for a limited period of the year.



All the data are presented in hourly mean values. The degree hours are also calculated with hourly mean values.




2.2. Building Description


For the purpose of analysis, an apartment building with passive stack ventilation in Southern Finland, Helsinki, has been chosen. The building was constructed in 1951 and recently renovated during 2016–2018. The building is located close to the city centre and is sheltered from direct wind by an adjacent apartment building. During the renovation, it was equipped with self-regulating air inlet devices with filters. The building consists of 5 floors and have 600 m2 of net floor area. The ground floor is non-residential. The four residential floors have the same apartment and room layout, shown in Figure 1.



Three-room and one-room apartments on the second and fifth floor in one staircase have been chosen for the analysis and presented in Figure 2.



The outdoor air in apartments is supplied into bedrooms and living rooms through the inlet devices and the envelope. The separated exhaust stack ducts are located in the kitchen and WC. The apartment room layout and ventilation design are presented in Figure 3.



The envelope properties, window properties and other building structure properties are set according to the common practice of the construction year and shown in Table 1. The load-bearing structures of the building are massive concrete, external walls are two rows of burnt bricks with insulation layers, internal walls between the apartments are brick walls, and internal walls between rooms are lightweight structures with an air gap. The envelope airtightness was set according to the building year for the reference case, and the air leakage rate (n50) equals 2.4 L/h at a pressure difference of 50 Pa [24].



The internal doors have a gap at the floor level of 2 cm. The windows are 2 panes glazed with a U-value of 2 W/m2K and are equipped with integrated shading with blinds between panels. The window blinds are manually controlled according to the occupation profile and the intensity of solar radiation (>100 W/m2). In three-room apartments, all windows besides the ones in the kitchen are openable. In one-room apartments, all windows are openable. The openable windows area is 10% of a window.



The water radiators carry out space heating with a dimensioning temperature of 70/40 °C, and the heat distribution efficiency is 80%. The design powers are 100 W/floor-m2 on the top floor and 60 W/floor-m2 on the middle floor. The temperature setpoint of space heating is 21 °C in the apartments. In the staircase and basement floor, the setpoint of space heating is 17 °C. The annual net heating demand of domestic hot water (DHW) is 35 kWh/m2 per heated net floor area. It is assumed that DHW consumption is constant with time. Heat losses of the DHW circuit are 0.56 W/m2, and 50% of the heat losses were assumed to end up as internal heat gains in the zones.




2.3. Inlet Device


The self-regulating inlet devices are installed in the living rooms and bedrooms of the apartments. The inlet device regulates airflow based on the outdoor temperature. The minimum opening is 4 mm, and the maximum is 16 mm for −5 °C and lower, and +15 °C and higher, respectively, and the settings are linear. The inlet device flow characteristics are presented in Figure 4. The bedrooms are equipped with a 160 mm diameter inlet device with a nominal setting of 9.3 L/s at a pressure difference of 5 Pa. The living rooms are equipped with 100 mm diameter inlet devices with a nominal setting of 5.1 L/s at a pressure difference of 5 Pa. The flow characteristics are presented in Table 2.




2.4. The Building Usage


Household equipment’s total annual electricity consumption is 21.0 kWh/m2 per heated net floor area [7]. The appliances are used every day between 9:00 and 22:00. The total annual electricity consumption of indoor lighting is 7.9 kWh/m2, per the building’s total heated net floor area [7]. The electric lighting power is assumed to be evenly distributed by the floor area of all the simulated zones in the apartments and by the floor area of the staircase. The usage time of the lights is between 21:00 and 23:00 from May to August and 7:00–9:00 and 15:00–23:00 from September to April [10].



	
The occupational patterns for the rooms and the apartment occupant number are presented in Table 3.



	
The windows opening schedule is set according to the script, that during the cold period, from September to April, the windows are closed. The windows are opened from May to August if the outdoor temperature exceeds 12 °C, and indoor temperature exceeds 22 °C.



	
The internal doors of the bathrooms or WCs are always closed, but the other internal doors inside the apartments are always opened.



	
The apartments’ occupant activity level is 1.2 MET.







2.5. Weather Data


The weather data are presented with typical climatological conditions at the Helsinki-Vantaa weather station in southern Finland for the 2012 reference year [42,43]. The data consist of hourly outdoor air temperature, relative humidity, direct and diffused insolation, wind speed and direction. The temperature and wind speed are presented in Figure 5. Heating degree days at indoor temperature +17 °C annually are 3952 °Kd in the reference year.



For the purpose of the air change rate and airflow rate analyses, three weeks have been chosen. The week with the lowest outdoor temperature in winter, a week with outdoor temperature close to average 2 °C and high average wind velocity in spring, and the week with the highest outdoor temperature in summer. The outdoor conditions for chosen weeks are presented in Table 4.




2.6. IDA ICE Simulation Tool


The model of the building has been created with the IDA ICE dynamic building simulation tool [42,44]. The software allows the modelling of multi-zone buildings and provides simultaneous dynamic simulation of heat transfer and airflows, considering flows between zones, building envelope and windows. It calculates the interactions between building structures, HVAC systems, operational and occupancy schedules of the building, and outdoor climate conditions. The infiltration airflows are calculated by wind pressure on each façade combined with zones stack effects.



2.6.1. Façade Pressure Calculation


Wind pressure distribution around the house is simulated using the normal assumption in building engineering that the wind flow is horizontal and an atmospheric boundary layer is neutral without vertical airflow. The wind conditions of the environment were approximated using the wind profile equation reported in [34], see Equation (1).



Wind pressure on facades corresponds to the LBL model wind profile:


  U  ( h )  =  U m  · k ·    (   h   h m     )   a  ,  



(1)




where   U  ( h )    is the wind speed at height  h  (m/s),    U m    is the wind speed measured on open ground at the weather station (m/s),  h  is the height from the surface of the ground (m),    h m    is the height of the measurement equipment (10 m), and parameters  k  and  a  are terrain-dependent constants.



The simulated building is located in a typical Finnish city center area with closely built houses where the height of adjacent houses is approximately the same as the simulated one.



However, this study simplified the calculation of wind conditions, and wind pressure coefficients were not measured nor simulated.



The values of the wind pressure coefficients are approximated values for low-rise buildings surrounded by obstacles equal to the height and size of the house. The shape of the building being studied is more complicated, so the simulated wind pressure distribution around the building was also simplified.



The wind pressure outside the building facades    P w    is determined by Equation (2):


   P w  =  c p  ·  1 2   ρ  o u t   ·  U 2  ,  



(2)




where    ρ  o u t     is the outdoor air density (kg/m3), Cp is the wind pressure coefficient, and U is the local wind velocity defined by Equation (1).



Because of the square dependence of the wind velocity in Equation (2), wind velocity has a more significant effect on wind pressure than the value of the wind pressure coefficient. The local outside surface pressure    P s    on the building facades is:


   P s  =  P  o u t   −  ρ  o u t   · g · h +  P w  ,  



(3)




where    P  o u t     is the outdoor air pressure at ground level (Pa),    ρ  o u t     is the outdoor air density (kg/m3), and  g  is the acceleration of gravity (m/s2).



The pressure difference between the zone and outdoor air is calculated as:


  Δ P =  P  i n   −  ρ  i n   · g ·  h  i n   −  P s  ,  



(4)




where    P  i n     is the indoor air pressure at floor level (Pa),    ρ  i n     is the indoor air density (kg/m3), and    h  i n     is the height from floor level (m).




2.6.2. Internal Flows Calculation


IDA ICE calculates the internal flows for each zone, where large vertical openings such as an open door between the zones are simulated as bi-directional flows. The vertical flow profile in the opening depends on the density differences between the adjusted zones. If the densities are equal, the flow profile is flat. Otherwise, it is slanted. In the case of a flat velocity profile, the air mass flow between the zones is calculated with the standard orifice flow equation:


  Q =  C d  · A   2 ρ · Δ P   ,  



(5)




where    C d    is a discharge coefficient and  A  is the area of the opening (m2). In the case of a slanted profile, the airflow between the zones is simultaneously bi-directional.



	
The windows are also presented with bi-directional flow openings and have 0.65 discharge coefficient, and 10% of those openable are for the mean of airflow calculation.



	
The envelope cracks (leakage) are presented as external area infiltration distributed based on the power law. The exfiltration and infiltration are separated.



	
The internal doors have a 2 cm gap for air movement. The apartment entrance door has the mail slot, which is a crack with a k coefficient equal to 9.3 × 10−4 and power-law exponent 0.7 [45].



	
The model for the internal nodes of the simulation model is fully mixed for the concentration calculation, such as CO2 level.







2.6.3. Passive Stack


The passive stack ventilation is implemented with the standard IDA ICE chimney model with stacks of different heights according to the floor. The chimney model considers the inlet and outlet loss coefficient, duct roughness, duct shape and height. The model calculates bi-directional flow.




2.6.4. Inlet Device


The self-regulating inlet device was created as a custom model based on the infiltration model with temperature-dependent power-law k-factor and exponent equal 0.5. The model has a simultaneous single direction flow.



The k-values for the inlet device and filter were calculated from the manufacturer product data for designed airflows. The following equation was used for the volumetric airflow rate:


   q v  = k ·   Δ p   ,  



(6)




where    q v    is volumetric airflow rate and   Δ p   is component pressure drop.



The k-value has been calculated for the given inlet device positions and linearly interpolated between the data points. The k-value has been coupled with outdoor temperature and presented as a function in Figure 6.



The calculated function for the bedroom and living room inlet devices has been used in the simulation model to calculate the airflow according to the pressure difference and outdoor temperature. Dirty filters were simulated by decreasing k-values twice, assuming that the filter had been working for the year without maintenance [46].





2.7. The Simulation Case Description


The CO2 level during the year and indoor air temperature during the summer have been chosen to assess the IAQ. The CO2 level is used as an indirect indicator for the room and personal airflow rate and compared against standards [7,10]. The indoor air temperature has been used to assess the influence of the airflow rate in apartments and occupant personal conditions.



The apartments on the second and fifth floors were chosen to represent the influence of the height on the stack effect. One and three-room apartments were selected to represent the influence of different floor areas and inlet supply ventilation system configuration.



The three time periods have been chosen to address the most critical weather conditions for the passive stack ventilation: the coldest week during the winter, a week with an average outdoor temperature of 2 °C combined with the highest average wind during spring and a week with warmest outdoor air temperature. The results during the cold week present the influence of a significant pressure difference. The spring conditions represent the case with a low pressure difference and the absence of additional windows opening ventilation. The summer case has the lowest pressure difference and influence of additional windows opening ventilation. The apartment air change rates have been calculated to present the apartment airflow rates for the chosen time. For the reference case, internal airflows and their direction have also been calculated.



A range of cases, descriptions, and abbreviations have been created to assess the chosen parameters, shown in Table 5 and Table 6.



The reference case represents the case where the inlet devices and passive stack duct are clean, and only the bedroom doors are closed at night. The windows shading is realized with blinds and operated according to the solar insolation. The windows are closed for the cold period from September to April for most of the day and open for half an hour, 22.00–22.30. In the summertime, windows are always opened if the outdoor temperature is higher than 12 °C and indoor higher than 22 °C, Table 6. The stack duct has the summed pressure loss coefficient of passive stack equal to 15. In the best-case scenario, all the doors are always opened.



The cases with dirty inlet device filters (M1) and passive stack ducts (M2) are created to represent poor maintenance cases, where the filters and duct are not serviced for more than 1 year. [46] The dirty filter is described as in the reference case presented in inlet device characteristics but with half the standard k-value. The stack duct has the summed pressure loss coefficient of the passive stack increased to 40. In these cases, the roles of the inlet device and the passive stack are assessed. The case with improved airtightness (M3) represents a building with better envelope insulation, and thus higher airtightness of 1.5 L/h to assess the influence of the infiltration airflow change on the indoor conditions. The case with no windows shading (M4) represents no integrated blinds between glazing. The cases with non-openable windows (M5) describe the ventilation only via infiltration and inlet devices, and represent the scenario where windows are not operated for some reason, such as occupant inability to do it. The worst-case scenario (M6) describes the case with closed doors due to the occupant’s possible preference or draught issues.





3. Results


3.1. Apartment Indoor Temperature Overheating Analysis Results


The apartment overheating was assessed based on the indoor air temperature results. The results are presented for three-room and one-room apartments on the second and fifth floor to consider the size of apartments and height factor influences. The results are shown for the summer period, June to August, as figures, duration curves, and tables with degree hours, in Figure 7 and Figure 8 and Table 7 and Table 8, respectively. The results are presented first for the three-room apartments and then for one-room apartments for each described case. The colours for the figures are used consistently throughout the paper to show the correlations.



The simulation shows the significant influence of the poor maintenance and ability to open the windows on the overheating possibility. The indoor air temperatures in the three-room apartments on the second and fifth floors are shown in Table 7 and in Figure 7. The reference case, best case, and cases with poor maintenance (M1, M2) show acceptable performance on both floors. The case with no integrated window blinds (M4) shows a warning performance level on the second floor and is unacceptable for new buildings on the fifth floor with more than 150 °Ch above 27 °C. The cases with no window opening (M5, M6) show a poor level of performance with most hours spent above 27 °C and around 300 °Ch above 32 °C for the first floor. For the fifth floor, more than 1000 °Ch are spent above 32 °C, which is above health legislation [40].



Overall, the higher floor shows lower performance due to more insolation, and results indicate lower airflow rates in the apartments.



The indoor air temperatures in the one-room apartments on the second and fifth floors are shown in Table 8 and in Figure 8. The results have the same trend as three-room apartments with indoor air overheating in the cases with no windows shading (M4) and non-openable windows (M5, M6). Smaller apartments have higher indoor air temperatures during the summer and are more likely to overheat, resulting in a dangerous level of performance with most hours spent above 32 °C and more than 1000 °Ch and 3800 °Ch for the first and fifth floor in the cases with no window opening (M5, M6). Time spent above 32 °C is an overall health warning level and 30 °C is a health risk for the elderly people.




3.2. The Indoor Air Quality Results


The results are presented for three-room and one-room apartments on the second and fifth floors. The results are presented separately for the winter and summer periods to present the influence of the opening window ventilation and to make the results comparable to the overheating analysis. The winter period is from January to April, and the summer period is from May to August to consider the heating period.



3.2.1. Apartment Bedroom Average CO2 Concentration Analysis Results


The CO2 concentration in the three-room apartments on the second floor is shown in Table 9 and Figure 9. In winter, in the best-case scenario, the occupants spend more than 40% of the time in indoor air categories II and III and in I [37] for the rest, and the concentration is around 720 ppm on average. The reference case shows a significant effect of the occupant and door schedules, transitioning to more than 50% in the II and III categories and 890 ppm on average. Cases with maintenance issues (M1, M2) show the effects of dirty inlet device filter and passive stack duct, further deteriorating the IAQ to 25% and 35% at the IV category for the dirty filter and its combination with stack duct, with the concentrations at 960 ppm and 1200 ppm on average. High airtightness (M3) and non-openable window (M4) cases show the worst performance, with an average of around 45% of the time in the IV category and 1350 ppm.



In summer, the additional opening ventilation significantly improves cases with maintenance issues, with only around 12% and 13% of the time spent in the IV category and about 670 ppm on average. The case with high airtightness (M3) shows the same performance as the previous ones. The case with non-openable windows (M5) show the worst performance, most of the time in the IV category and around 1600 ppm on average.



The CO2 concentration in the three-room apartments on the fifth floor has the same trend as on the first floor, although the average level is much higher, as shown in Table 10 and Figure 10. Compared to the first floor, occupants spend more time in the III and IV category and only around 20% and 10% in I and II in reference, best and M1 cases. The average concentrations are around 1000 ppm. Other cases in winter (M2–M5) are presented only in the time spent in II, but mostly in III and IV categories with about 4%, 10% and 85%, respectively, with average concentrations of about 2400 ppm.



In summer, the additional opening ventilation significantly affects cases with openable windows (Ref., Best, M1–M4) showing better performance, with only around 16% and 18% of the time in the IV category and about 1000 ppm on average. Although, the case with non-openable windows (M5) shows the worse performance, with most of the time in the IV category and around 2600 ppm on average as the stack effect is lower in summer and the stack duct length in fifth floor apartments is also about three times shorter.



The CO2 concentration in the one-room apartments on the second floor is shown in Table 11 and Figure 11. Overall, in winter, most of the time is spent in the I and II categories. In the best, reference and case with dirty inlet device filter (M1), at around 100% of time spent in the I category. All other cases have comparable performance with around 60% and 30% in the I and II categories with 700 ppm on average.



In summer, the performance has the same trends as in the three-room apartments. The average time spent in the I category for all cases slightly decreased for the best reference and case with a dirty inlet device filter (M1). However, more maintenance issues (M2) and improved envelope airtightness (M3) showed better performance due to the additional airflow through the windows. The performance of the worst-case scenario is around 20%, 30% and 50% at the III, II, and I categories and indicates the significance of the additional airflow through the windows.



The CO2 concentration in the one-room apartments on the fifth floor has the same trend as on the first floor and the same, as three-room apartments on the fifth floor. Overall, the average level is between three-room apartments on the first and fifth floor. The results are shown in Figure 12 and Table 12.



In the best case, around 90% of the time is spent in the I category in winter. The rest of the time is spent in the II category. The average CO2 concentration is 650 ppm. The reference case shows a significant effect of the occupant and door schedules, transitioning to more than 25% in the IV category and 790 ppm on average. Case with dirty inlet device filter (M1) shows further deterioration of the IAQ to around 25% in the IV category. The combination of dirty inlet filter and stack duct (M2) shows mostly the same performance as with additional combination with high airtightness (M3) and non-openable windows (M5) with around 45% time in IV category and 1470 ppm on average. The worst-case (M5) with non-openable windows shows the worst performance with 45% in the IV category.



In the summer case, the additional opening ventilation significantly affects all cases, showing better performance. The best reference and cases with maintenance issues (M1, M2) show around 80% in the I and II categories with only around 2%, 4%, 12%, and 13% of the time in the IV category for reference case, cases with maintenance issues (M1, M2) and case high airtightness (M3). The case with non-openable windows (M5) shows the worst performance with 50% in the IV category.




3.2.2. Apartment Internal Airflow and Air Change Analysis Results


The results for the internal airflow rate and air change rates for the apartments are presented in Figure 13 and Table 13. The airflow and air change rates are average during the chosen weeks in winter, spring and summer. The nominal air change rate shows rate at 15 °C as a nominal conditions. In figures, arrows represent the average airflow direction through envelope and windows and between the rooms through doors. Additionally, the mail slot is taken into consideration as a connection to the stairwell. Tables show the average airflow rate for each room. Table 13 shows air change rates for the reference case, for the cases with poor maintenance and the worst-case scenario to show the overall influence of factors on the air change rates of the apartments. The ventilation air change rate was calculated for the exhaust airflow rate through the passive stack. The total air change rate was calculated for the exhaust airflow rate through the passive stack, envelope and windows, considering all outcoming airflow rates.



Results show the trend for the apartments air change rate. The apartments on the second floor have a higher air change rate of around 15% than apartments on the fifth floor due to the higher buoyancy effect. The ventilation air change rate deteriorates from winter to summer in all cases in percentage from 20% to 50% compared to winter cases. The total ventilation air change rate deteriorates from winter to spring around 20% compared to the winter case. The total air change rate is highest in summer due to the additional airflow through windows opening, around 20% higher than the winter case.



The one-room apartment on the fifth floor shows the highest air change rates across the apartments. However, cases show increasing deterioration from reference to the worst case at around 15%, 30%, 40% and 50% between summer and spring ventilation air change, respectively. The combination of maintenance issues shows the most significant relative effect on the air change rate. In summer, the trend is the same with 5%, 23%, 29% and 30% reductions, respectively.



The one-room apartment on the fifth floor shows less significant relative deterioration from reference case to worst case. Although, the overall air change rate is much lower. The deterioration is around 6%, 25%, 31%, and 31% for the summer case. The air change rate plummets in the spring by about 13%, 37%, 43%, and 47%, respectively. The combination of maintenance issues shows the most significant relative effect on the air change rate. In summer the trend is the same with 5%, 23%, 29% and 30% reductions.



The three-room apartment on the second floor shows a lower air change rate than both one-room apartments. Additionally, the deterioration trend from reference to worst case stays the same with around 4%, 50%, 57%, and 64% for summer. The air change rate is the same for reference case and M1 in the spring but plummets by about 52%, 57%, and 57%, respectively. The dirty inlet filter and passive stack duct combination (M2) shows the most significant relative effect on the air change rate. The trend is the same in summer with no change for the M1 case and 62% for the rest, respectively.



The three-room apartment on the fifth floor shows the lowest air change rate across the simulated apartments. The overall trend is the same. However, the case with a dirty inlet device filter also affects the results. The simulation shows deterioration from reference case to worst case of around 13%, 52%, 57% and 57% for summer. In the spring, the air change rate plummets by about 20%, 40%, 33% and 33%, respectively. The combination of maintenance issues shows the most significant relative effect on the air change rate. In summer the trend is the same with 23% for the M1 case and 62% and for the rest, respectively.



The apartment airflow rate in the one-room apartments on the fifth floor is shown in Figure 14. Due to the vertical location differences of second and fifth floors the airflow rate is lower by around 20%. The infiltration airflow rate in the bedroom is mostly equal to the inlet device airflow rate in winter and spring cases. In summer, the windows opening ventilation combined with infiltration accounts for around 80% of outdoor airflow.



The lowest apartment total supply airflow rates are presented during the springtime on both floors, with 27 L/s and 17 L/s for the second and fifth floors, respectively. In winter, the apartment total airflow rate is around 32 L/s and 25 L/s. The total apartment and supply airflows are the highest in summer, around 45 L/s and 28 L/s, respectively. During the summer, the reversed airflow may occur due to the apartment overheating. This also indicates a low apartment airflow rate in that period. Although, a low average reverse airflow rate indicates that it is a rare occurrence.



The apartment airflow rate in the three-room apartments has the same trend as in one-room apartments and shown in Figure 14, with the fifth floor lower by around 30% than the second floor due to the vertical position difference. The infiltration airflow rate in the bedroom is also almost equal to the inlet device airflow rate in winter and spring cases. In summer, the windows opening ventilation combined with infiltration accounts for around 75% of supply airflow.



The lowest apartment total supply airflow rates are presented during the springtime on both floors, with 44 L/s and 27 L/s for the second and fifth floors, respectively. In winter, the apartment total airflow rate is around 50 L/s and 42 L/s. The total supply airflow is the highest in summer, around 79 L/s and 72 L/s, respectively.



During the summer, the reversed airflow is also presented due to the apartment overheating. This also indicates a low apartment airflow rate in that period. Although, low average reverse airflow rate indicates that it is a rare occurrence.






4. Discussion


Apartment retrofitting requires a simple but efficient solution to provide adequate IAQ, energy performance, and retrofit costs. It is particularly important for protected or heritage buildings with natural passive stack ventilation and no or limited access to the building envelope or ventilation system changes. One of the solutions is the implementation of self-regulating inlet devices to preserve the initial ventilation system and envelope and provide designed airflow rates and low costs as it is commonly assumed that natural ventilation does not have much maintenance. However, modern self-regulating inlet devices have filters that require at least yearly maintenance, which should be done by the service company or by occupants. The results clearly show that maintenance of the modern passive stack system with openable apartment windows is essential. These results are to consider, as if it is the occupant responsibility to do maintenance, it might be a challenge doing that without much experience. On the other hand, if the service company does it, it requires labour and the ability to visit apartments to be carried out. Additionally, the maintenance of the passive stack duct should be carefully planned to prevent its clogging.



It is also crucial to avoid overheating in the cases of a group of vulnerable people, such as elderly people who have openable windows but cannot operate them. Otherwise, the apartment temperature exceeds 30 °C, which is a health risk for elderly people. In some cases, the temperature exceeds 32 °C, which is a health limit for other occupants.



The three-room and one-room apartments, both equipped with the same exhaust system, consist of two passive stacks in the bathroom and kitchen. The difference is the number of rooms with inlet devices and an external surface for infiltration, thus lowering system resistance. In general, it means that three-room apartments are more sensible for the passive stack ventilation system poor maintenance than one-room apartments. Therefore, three-room apartments on the fifth floor with a low buoyancy effect show a CO2 level higher than 4000 ppm. On the other hand, improved airtightness in such apartments does not benefit the ventilation system and IAQ performance.



It is presented in the simulation of the reference case that the CO2 level in one-room apartments is lower than in three-room apartments. However, they are much more likely to overheat. Although, this is partly mitigated by the fact that the air movement rate in a one-room apartment is higher, creating more pleasant indoor thermal conditions.



In cases with poor maintenance, with dirty inlet devices and passive stack, the most crucial effect is shown on the fifth-floor apartments for the CO2 level, which rises due to the significantly lower passive stack exhaust rates. The case with improved airtightness restricts infiltration and exfiltration airflow rate in all the apartments. It leads to significant overheating in the one-room apartments with an indoor air temperature of 30 °C and higher. The additional airflow rate of the windows opening ventilation shows a crucial effect with a much lower CO2 level in summer. However, the window opening ventilation has its limitation due to the outdoor airborne and noise pollution, and it is preferable not to be utilized in the cities with high population density, near roads and traffic lines.



The limitations of the study are mostly presented with physical model limitations and case-specific input data. This simulation analysis assesses the average airflow and air change rates calculated via hourly average outdoor conditions. However, the momentary airflow rate may be significantly different. The building simulation model considers building design and structure, device parameters, occupant behaviour, and lighting and heating schedule, but it still has some limitations. The simulation model is created with separate nodes for each room, but each node represents the entire room. All the nodes are calculated to be in balance. The distribution of the parameters within each node is calculated only for the boundary elements, such as inlets, doors and windows. As the distribution in each node, room, is even as for the mixed model, the calculated values are average, but local values are needed to analyze draught. This means that cold draughts, airflow patterns etc., may be calculated indirectly and may significantly change the occupant thermal comfort sensations. The case-specific input is presented with the Nordic climate weather and outdoor conditions. The façade wind pressure coefficients and building structure materials were assumed according to the building age. Furthermore, the inlet device model is created based on the design manufacturer data, representing its theoretical performance and placed according to the building documentation. The pressure drop in filters and stack ducts in cases of poor maintenance has been assumed based on literature. The case building is presented with five floors; thus, the simulation results for high-rise buildings might differ due to the significant effect of the wind pressure.



The simulation results of ACH may be compared against previous experimental studies of passive stack ventilation. The study was conducted in the warm climate of Portugal and showed a good correlation. The average air change rate was 0.6–0.7 ACH with window opening ventilation [31] and the air change level of 0.35 ACH in winter, best-case scenario, and around 0.1 ACH in August, in the worst-case scenario for the cases without opening ventilation [33]. Additionally, the results agree with previous field studies in Nordic climate, Helsinki, where the mean air-exchange rates in apartments had a high variation (average 0.6 L/h, range 0.1–1.2 L/h) [47]. The ASHRAE minimum value of 0.35 L/h was not achieved in 28% of all dwellings, and the average air change rate in the naturally ventilated apartments is 0.64 L/h [47]. Some previous studies assessed the CO2 in the cold climate, Beijing, in bedrooms, concluding the necessity of additional windows opening ventilation. The maximum CO2 level was observed at around 4000 to 5000 ppm [48].



Natural ventilation advancements present the trend of making systems less dependent on outdoor weather conditions and having reliable and constant airflow rates. In practice, one of the most demanding paths is the building stock retrofit, which requires high IAQ, but simple solutions, presented with such devices as self-controlled air inlets or passive stack outlets and wise windows opening strategies. The results and highlighted points may be considered in the renovation design for the buildings with passive stack ventilation in the Nordic conditions to ensure good IAQ and prevent apartment overheating, especially in homes of vulnerable groups of people.




5. Conclusions


The regulations and standards are developed to ensure high indoor environment quality in the building stock, and that the classification of the IAQ parameters reflects the desirable level in residential buildings. In practice, the lowest level considers the effect of health; thus, renovation and retrofit of the old buildings should aim to provide a high IAQ level. The paper analyses the performance of a retrofitted five-storey apartment building equipped with modern passive stack ventilation in Nordic conditions. The passive stack ventilation system was retrofitted in 2018, and novel self-regulating air inlet devices with filters were equipped. The building was simulated with IDA ICE software, where the model of the self-regulating inlet devices was developed using manufacturer product data. Several case scenarios were created to analyze the effect of poor maintenance, improved airtightness, and window opening on the system performance. For the analysis, one-room and three-room apartments on the second and fifth floors were chosen. The CO2 levels and indoor air temperature were analyzed and compared with EN 16798-1 to assess the IAQ. The results are separated for the winter and summer to show the influence of additional airflow from opening ventilation. The apartment air change rate and internal airflow patterns were assessed and compared case by case.



The results show a trend for the one-room apartment to overheat, despite having a higher air change rate than the three-room apartments. The three-room apartments tolerate overheating, although they are much more sensible considering the poor maintenance. Improving the envelope airtightness does not benefit the IAQ of the apartments. The results show a significant effect of poor maintenance and window opening possibility on the CO2 concentration. Furthermore, the apartments on the fifth floor are more sensitive to poor maintenance, and three-room apartments situated there showed warning levels of CO2. The case with non-openable windows showed more than 150 °Ch over 32 °C in all apartments.



Filter replacement is essential for the desired operation of the modern passive stack ventilation system. Additionally, the maintenance of the passive stack duct should be carefully planned to prevent its clogging. It is crucial to prevent overheating due to windows being left closed. Otherwise, the temperature in the apartments can reach above 32 °C, which is a health risk.



The results and highlighted points are crucial as the protected and heritage buildings with natural ventilation and limited or no access to the envelope or ventilation system reconstruction require retrofit to meet current building codes requirements. The results may be applied to retrofit the buildings with passive stack ventilation in the Nordic conditions to ensure good IAQ and prevent apartment overheating, especially in the homes of vulnerable groups of people.
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Figure 1. The building natural passive stack ventilation system design with openable windows and self-regulating inlet devices with an outdoor temperature-dependent airflow rate. 
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Figure 2. The building simulation model for the three and one-room apartments on the second and fifth floors connected with stairwell. 
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Figure 3. The building floor level ventilation system design and airflow rates at nominal conditions of 5 Pa pressure difference over the inlet device and outdoor temperature of 15 °C. 
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Figure 4. The inlet device product scheme (a); The inlet device opening as a function of outdoor temperature (b). 
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Figure 5. The yearly outdoor temperature and wind velocity of the reference year with chosen example weeks. 
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Figure 6. The inlet device flow characteristics via k-value against outdoor temperature: (a) bedroom inlet device; (b) living room inlet device. 
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Figure 7. The indoor air temperature duration curves for the three-room apartments on the second and fifth floors from June to August. 
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Figure 8. The indoor air temperature duration curves for the one-room apartments on the second and fifth floors from June to August. 






Figure 8. The indoor air temperature duration curves for the one-room apartments on the second and fifth floors from June to August.



[image: Buildings 12 00096 g008]







[image: Buildings 12 00096 g009 550] 





Figure 9. The duration curves of CO2 level in the three-room apartment on the second floor for different cases for winter and summer with indoor air quality reference levels. 
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Figure 10. The duration curves of CO2 level in the three-room apartment on the fifth floor for different cases for winter and summer periods with indoor air quality reference levels. 
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Figure 11. The duration curves of CO2 level in the one-room apartment on the second floor for different cases for winter and summer with indoor air quality reference levels. 
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Figure 12. The duration curves of CO2 level in the one-room apartment on the fifth floor for different cases for winter and summer with indoor air quality reference levels. 
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Figure 13. The building simulation airflow directions pattern and rate values for the one-room apartments on the second floor (a); And on the fifth floor (b), where red arrows are external airflows and blue are internal. 
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Figure 14. The building simulation airflow directions pattern and airflow rates for the three-room apartments on the second floor (a); And fifth floor (b), where red arrows are external airflows and blue are internal. 
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Table 1. The structural building details and properties of windows.
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	Description
	Building Details





	U-values, (W/m2K)
	



	Roof
	0.5



	Floor
	0.5



	External walls
	0.5



	Entrance doors
	1.1



	Apartment doors
	2.2



	Windows properties
	



	U-value, (W/m2K)
	2



	Total solar heat transmittance (g-value)
	0.44



	Direct solar transmittance (ST)
	0.72



	Integrated shading
	Blinds



	External shading
	No
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Table 2. The inlet device airflow rate at different pressure differences and opening degree. Nominal conditions 5 Pa, 15 °C outdoor air temperature.






Table 2. The inlet device airflow rate at different pressure differences and opening degree. Nominal conditions 5 Pa, 15 °C outdoor air temperature.





	

	
Airflow Rate, L/s




	

	
Living Room Device

	
Bedroom Device




	
Opening, b, mm

	
Pressure Difference, Pa






	

	
5

	
10

	
20

	
30

	
5

	
10

	
20

	
30




	
4

	
3.2

	
2.9

	
7.5

	
9.5

	
4.5

	
6.6

	
9.5

	
13




	
8

	
4.5

	
6.9

	
11

	
13

	
7

	
11

	
16

	
21




	
12

	
4.9

	
7.5

	
12

	
14

	
8.5

	
13

	
20

	
25




	
16

	
5.1 *

	
7.8

	
12

	
15

	
9.3 *

	
14

	
22

	
28








* nominal conditions 5 Pa, 15 °C outdoor air temperature.
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Table 3. The apartment occupancy and occupancy patterns.






Table 3. The apartment occupancy and occupancy patterns.













	Apartment
	Occupancy
	Bedroom 1
	Bedroom 2
	Living Room
	Kitchen





	Three-room
	4
	22.00–9.00

2 Occ.
	22.00–9.00

2 Occ.
	9.00–22.00

2 Occ.
	9.00–22.00

2 Occ.



	One-room
	1
	22.00–9.00

1 Occ.
	
	
	9.00–22.00

1 Occ.
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Table 4. The example weeks outdoor temperature and wind data.






Table 4. The example weeks outdoor temperature and wind data.





	
Week

	

	
Maximum

	
Minimum

	
Average






	
Winter

	
Temperature, °C

	
1.1

	
−19.7

	
−9.3




	
Wind velocity, m/s

	
7

	
1

	
3.5




	
Spring

	
Temperature, °C

	
7.8

	
−3.6

	
2.4




	
Wind velocity, m/s

	
12

	
0

	
5.3




	
Summer

	
Temperature, °C

	
28.8

	
13.1

	
20.1




	
Wind velocity, m/s

	
9

	
0

	
3.6
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Table 5. The simulation case scenarios, name and abbreviation cross-dependency.






Table 5. The simulation case scenarios, name and abbreviation cross-dependency.





	Abbreviation
	Description





	Ref.
	Reference case. Similar to best case, but bedroom doors are closed (20 mm slot below the door) during the night



	Best
	Best case. Any external or internal factor does not decrease performance



	M1
	Maintenance issue: filter loaded (pressure drop is higher in 1.4 times compare to reference case)



	M2
	Similar to M1, but stack ducts are dirty. (Exhaust pressure drop is higher in 1.4 times)



	M3
	Similar to M2, but the higher envelope airtightness. (from n50 2.4 L/h to 1.5 L/h)



	M4
	Maintenance issues, high envelope airtightness and no windows shading (g = 0.39 blinds, g = 0.55 without blinds)



	M5
	Maintenance issues, high envelope airtightness, no windows opening and shading



	M6
	Maintenance issues, high envelope airtightness, no windows opening and shading, all apartments doors are closed
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Table 6. The building simulation case scenarios.






Table 6. The building simulation case scenarios.





	
Case Scenario

	
Bedroom Door

	
Bathroom Door

	
Inlet Device

	
Stack Duct

	
Airtightness n50, L/h

	
Windows

	
Windows Opening




	
Shading

	
Summer

	
Winter






	
Ref.

	
Closed, Night

	
Opened

	
Clean

	
Clean

	
2.4

	
Yes

	
Always, if >12 °C

	
30 min. before sleep




	
Best

	
Opened

	
Opened

	
Clean

	
Clean

	
2.4

	
Yes

	
Same

	
Same




	
M1

	
Closed, Night

	
Closed

	
Dirty

	
Clean

	
2.4

	
Yes

	
Same

	
Same




	
M2

	
Closed, Night

	
Closed

	
Dirty

	
Dirty

	
2.4

	
Yes

	
Same

	
Same




	
M3

	
Closed, Night

	
Closed

	
Dirty

	
Dirty

	
1.5

	
Yes

	
Same

	
Same




	
M4

	
Closed, Night

	
Closed

	
Dirty

	
Dirty

	
1.5

	
No

	
Same

	
Same




	
M5

	
Closed, Night

	
Closed

	
Dirty

	
Dirty

	
1.5

	
No

	
No

	
Same




	
M6

	
Closed

	
Closed

	
Dirty

	
Dirty

	
1.5

	
No

	
No

	
No
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Table 7. The three-room apartment on the second and fifth floor overheating results—number of degree hours above 27 °C, 30 °C and 32 °C during the year.






Table 7. The three-room apartment on the second and fifth floor overheating results—number of degree hours above 27 °C, 30 °C and 32 °C during the year.





	
Second Floor

	
Degree Hours, °Ch




	
27

	
30

	
32






	
Ref.

	
2

	
0

	
0




	
Best

	
2

	
0

	
0




	
M1

	
4

	
0

	
0




	
M2

	
17

	
0

	
0




	
M3

	
19

	
0

	
0




	
M4

	
286

	
2

	
0




	
M5

	
5956

	
1366

	
324




	
M6

	
6185

	
1484

	
366




	
FifthFloor

	

	

	




	
Ref.

	
13

	
0

	
0




	
Best

	
19

	
0

	
0




	
M1

	
26

	
0

	
0




	
M2

	
56

	
0

	
0




	
M3

	
64

	
0

	
0




	
M4

	
581

	
14

	
0




	
M5

	
11,066

	
4130

	
1196




	
M6

	
11,088

	
4246

	
1282
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Table 8. The one-room apartment on the second and fifth floor overheating results—number of degree hours over 27 °C, 30 °C and 32 °C during the year.






Table 8. The one-room apartment on the second and fifth floor overheating results—number of degree hours over 27 °C, 30 °C and 32 °C during the year.





	
Second Floor

	
Degree hours, °Ch




	
27

	
30

	
27






	
Ref.

	
2

	
0

	
0




	
Best

	
4

	
0

	
0




	
M1

	
7

	
0

	
0




	
M2

	
47

	
0

	
0




	
M3

	
49

	
0

	
0




	
M4

	
676

	
71

	
5




	
M5

	
7957

	
2958

	
1159




	
M6

	
7971

	
2970

	
1167




	
Fifthfloor

	

	

	




	
Ref.

	
41

	
0

	
0




	
Best

	
54

	
0

	
0




	
M1

	
79

	
0

	
0




	
M2

	
215

	
0

	
0




	
M3

	
227

	
0

	
0




	
M4

	
2328

	
298

	
35




	
M5

	
15,814

	
7898

	
3887




	
M6

	
15,987

	
8083

	
4047
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Table 9. The three-room apartment on the second floor CO2 level results. Percentage of hours in each indoor air quality category (I–IV) during the year.






Table 9. The three-room apartment on the second floor CO2 level results. Percentage of hours in each indoor air quality category (I–IV) during the year.





	
Case

	
Winter (January–May)

	
Summer (June–August)




	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm

	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm






	
Ref.

	
47.1

	
18.4

	
34.1

	
0.5

	
890

	
73.2

	
10.9

	
12.1

	
3.8

	
720




	
Best

	
59.8

	
36.8

	
3.4

	
0.0

	
720

	
77.8

	
17.0

	
5.2

	
0.0

	
670




	
M1

	
32.4

	
19.7

	
22.0

	
25.9

	
960

	
71.8

	
10.6

	
6.3

	
11.3

	
760




	
M2

	
20.4

	
10.3

	
26.3

	
43.0

	
1200

	
67.6

	
11.9

	
6.4

	
14.1

	
860




	
M3

	
15.2

	
7.5

	
23.1

	
54.2

	
1350

	
66.0

	
12.8

	
5.6

	
15.7

	
900




	
M4

	
15.1

	
7.6

	
23.1

	
54.2

	
1350

	
65.0

	
13.5

	
5.9

	
15.7

	
910




	
M5

	
15.4

	
7.5

	
23.4

	
53.8

	
1350

	
7.5

	
6.7

	
10.6

	
75.3

	
1630
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Table 10. The three-room apartment on the fifth floor IAQ results. Time spent in each indoor air category in percent.






Table 10. The three-room apartment on the fifth floor IAQ results. Time spent in each indoor air category in percent.





	
Case

	
Winter (January–May)

	
Summer (June–August)




	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm

	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm






	
Ref.

	
19.1

	
10.6

	
25.5

	
44.8

	
1300

	
69.0

	
11.1

	
5.4

	
14.6

	
870




	
Best

	
23.6

	
16.8

	
49.7

	
10.0

	
950

	
75.7

	
7.5

	
12.5

	
4.3

	
750




	
M1

	
15.6

	
8.7

	
21.3

	
54.4

	
1450

	
65.4

	
13.1

	
5.4

	
16.0

	
950




	
M2

	
1.7

	
4.8

	
10.7

	
82.8

	
2300

	
52.6

	
23.0

	
6.1

	
18.3

	
1070




	
M3

	
0.3

	
2.3

	
10.2

	
87.1

	
2400

	
48.6

	
25.7

	
6.4

	
19.2

	
1100




	
M4

	
0.3

	
2.2

	
10.3

	
87.1

	
2400

	
48.6

	
25.5

	
6.5

	
19.3

	
1150




	
M5

	
0.3

	
2.2

	
10.4

	
87.1

	
2400

	
0.0

	
0.2

	
3.1

	
96.7

	
2600











[image: Table] 





Table 11. The one-room apartment on the second floor IAQ results. Time spent in each indoor air category in percent.






Table 11. The one-room apartment on the second floor IAQ results. Time spent in each indoor air category in percent.





	
Case

	
Winter (January–May)

	
Summer (June–August)




	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm

	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm






	
Ref.

	
100.0

	
0.0

	
0.0

	
0.0

	
560

	
96.6

	
3.4

	
0.0

	
0.0

	
560




	
Best

	
100.0

	
0.0

	
0.0

	
0.0

	
570

	
96.8

	
3.2

	
0.0

	
0.0

	
570




	
M1

	
98.6

	
1.3

	
0.2

	
0.0

	
600

	
93.3

	
6.4

	
0.3

	
0.0

	
570




	
M2

	
72.6

	
26.2

	
1.2

	
0.0

	
680

	
86.7

	
8.4

	
4.8

	
0.0

	
620




	
M3

	
57.4

	
32.5

	
10.1

	
0.0

	
740

	
85.5

	
5.6

	
8.9

	
0.0

	
630




	
M4

	
57.4

	
32.4

	
10.2

	
0.0

	
745

	
85.5

	
5.7

	
8.8

	
0.0

	
625




	
M5

	
57.1

	
31.8

	
11.1

	
0.0

	
740

	
42.0

	
28.3

	
28.5

	
1.2

	
820
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Table 12. The one-room apartment on the fifth floor IAQ results. Time spent in each indoor air category in percent.






Table 12. The one-room apartment on the fifth floor IAQ results. Time spent in each indoor air category in percent.





	
Case

	
Winter (January–May)

	
Summer (June–August)




	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm

	
I, %

	
II, %

	
III, %

	
IV, %

	
Average, ppm






	
Ref.

	
60.7

	
6.6

	
28.0

	
4.7

	
790

	
85.8

	
3.4

	
8.5

	
2.3

	
650




	
Best

	
89.0

	
10.8

	
0.2

	
0.0

	
650

	
89.2

	
7.8

	
3.0

	
0.0

	
610




	
M1

	
54.6

	
7.0

	
13.3

	
25.1

	
900

	
84.2

	
3.3

	
4.0

	
8.5

	
700




	
M2

	
20.5

	
17.1

	
16.3

	
46.1

	
1500

	
79.9

	
4.2

	
3.5

	
12.5

	
845




	
M3

	
17.8

	
17.9

	
18.8

	
45.5

	
1470

	
78.3

	
4.9

	
4.0

	
12.7

	
850




	
M4

	
17.8

	
17.8

	
18.9

	
45.5

	
1490

	
78

	
4.9

	
4.2

	
12.8

	
860




	
M5

	
18.3

	
17.8

	
19.0

	
44.9

	
1470

	
7.4

	
12.3

	
30.4

	
50.0

	
1450
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Table 13. Apartment average ventilation and total air change rates for the second and fifth floor apartments during the example weeks.






Table 13. Apartment average ventilation and total air change rates for the second and fifth floor apartments during the example weeks.





	
Apartment Type

	
Season

	
Reference

	
M1

	
M2

	
M3

	
M5




	
Vent *

	
Total *

	
Vent

	
Total

	
Vent

	
Total

	
Vent

	
Total

	
Vent

	
Total






	
One-room, second floor

	
Winter

	
0.38

	
0.38

	
0.35

	
0.35

	
0.26

	
0.26

	
0.23

	
0.23

	
0.21

	
0.21




	
Spring

	
0.32 *

	
0.32

	
0.3

	
0.3

	
0.21

	
0.21

	
0.18

	
0.18

	
0.15

	
0.15




	
Summer

	
0.31

	
0.52

	
0.3

	
0.5

	
0.19

	
0.27

	
0.18

	
0.26

	
0.15

	
0.15




	
One-room, fifth floor

	
Winter

	
0.32

	
0.32

	
0.3

	
0.3

	
0.24

	
0.24

	
0.22

	
0.22

	
0.2

	
0.2




	
Spring

	
0.3

	
0.3

	
0.26

	
0.26

	
0.19

	
0.19

	
0.17

	
0.17

	
0.13

	
0.13




	
Summer

	
0.23

	
0.35

	
0.2

	
0.32

	
0.13

	
0.27

	
0.13

	
0.27

	
0.1

	
0.1




	
Three-room, second floor

	
Winter

	
0.28

	
0.28

	
0.27

	
0.27

	
0.14

	
0.14

	
0.12

	
0.14

	
0.1

	
0.12




	
Spring

	
0.23

	
0.23

	
0.23

	
0.23

	
0.11

	
0.11

	
0.11

	
0.11

	
0.1

	
0.1




	
Summer

	
0.21

	
0.36

	
0.21

	
0.37

	
0.08

	
0.3

	
0.08

	
0.3

	
0.08

	
0.1




	
Three-room, fifth floor

	
Winter

	
0.23

	
0.23

	
0.2

	
0.2

	
0.11

	
0.12

	
0.1

	
0.12

	
0.1

	
0.1




	
Spring

	
0.15

	
0.15

	
0.12

	
0.12

	
0.09

	
0.09

	
0.1

	
0.1

	
0.1

	
0.1




	
Summer

	
0.13

	
0.26

	
0.1

	
0.26

	
0.05

	
0.26

	
0.05

	
0.26

	
0.05

	
0.1








* nominal airflow rate.
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