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Abstract

:

Air pressure differences are a key factor in the behavior of building ventilation and air leakages through the building envelope. Field measurements of the air pressure differences over the building envelope were conducted in 24 Finnish municipal service buildings. The measured buildings were mainly schools and daycare centers, of which half were new buildings and half recently retrofitted. All buildings had mechanical ventilation. The measurements were conducted during 2016–2018. The total number of measurement points was 100, and the duration of individual time series varied. According to the results, the mean air pressure difference was within the range of national recommendations (small underpressure indoors) in 81–89% of measurement points, but some cases experienced either strong underpressure or overpressure conditions. In some cases, the air pressure difference showed a clear stepwise constant behavior, while other cases showed larger temporal variation. The conditions varied between different operating situations and the time of year. The study also supports the current recommendation that air pressure difference measurements should be done as continuous measurements of at least one week duration.
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1. Introduction


1.1. General


Air flows in buildings have an impact on the indoor environment, hygrothermal behavior of the building envelope, and building energy consumption. Generally speaking, air flows depend on two factors: air pressure differences and air flow resistances. This article focuses on the former.



The attention to building airtightness started to increase around 1990s and has resulted in relatively airtight building envelope structures for new and retrofitted buildings. Concurrently, there has also been a shift from natural to mechanical exhaust ventilation, and eventually to mechanical supply and exhaust ventilation with heat recovery. Well-functioning buildings have both airtightness and ventilation systems in good order, while maintaining modest air pressure difference levels.



The overarching purpose of this article is to present results from an air pressure difference field measurements that were conducted in Finnish schools and daycare centers. First a short literature review is given on topics related to air pressure differences. Then, the research methods are explained, and the measured buildings are described. Finally, the measurement results are presented, and recommendations and future research needs are given.




1.2. Literature Review


The weight of the atmospheric air creates an air pressure that has a reference value of 101,325 Pa at sea level [1]. The actual air pressure Pe [Pa] depends, e.g., on the elevation from the reference level and the atmospheric temperature. The air pressure indoors Pi [Pa] is affected by temperature differences (stack effect), wind, and mechanical ventilation [2,3,4]. The air pressure difference ΔP [Pa] is defined here according to Equation (1).


   P i  =  P e  + Δ P ,  



(1)







The two absolute air pressures have the same elevation. The air pressure difference is positive when air is flowing from indoors towards outdoors. The time scales of air pressure differences vary from short to long time scales (wind gusts, operation of HVAC systems, outdoor air temperature, fouling of the ventilation filters). Air pressure also varies within a building.



The two main categories for the building air pressure and air flow simulation models are: (i) macroscopic methods, which use control volumes and ordinary differential equations to model multizone situations [5,6,7,8,9,10,11,12,13]; and (ii) microscopic methods, which use continuum assumption with partial differential equations for modelling the conditions inside a single zone or outside the building [14,15,16,17]. For the continuum approach, the Computational Fluid Dynamics (CFD) with Reynolds-averaged Navier-Stokes (RANS) turbulence models has been the main approach [18], but others have also been proposed, such as the coupling of Fast Fluid Dynamics (FFD) with multizone airflow models [19], and the Lattice-Boltzmann method [20].



Field measurements were conducted in 15 high-rise buildings with a height of 44–150 m in four US cities during winter. The air pressure difference at ground floor was between −94.7 Pa and −12.7 Pa, the average being −38.1 Pa (the coldest outdoor air temperature was −12 °C). [21]



At a 60-story commercial high-rise building in Korea with the temperature of −5.2 °C outdoors, 22 °C indoors and the wind speed of less than 1 m/s, the air pressure difference over the elevator doors was between −50 Pa and +25 Pa, −20 Pa and +40 Pa, and −10 Pa and +45 Pa at the low-rise, mid-rise, and high-rise elevator zones, respectively. When the air pressure difference was at record value −121 Pa across first-floor elevator doors, the doors did not close properly [22]. In high-rise buildings, airflow noise and drafts have been identified as the main source of user complaints [23].



According to instantaneous measurements from 26 Finnish apartment buildings with mechanical exhaust ventilation, the air pressure difference was in the range −95.0 Pa and +10.1 Pa (average −18.6 Pa). Data from nine buildings after renovations showed an average air pressure difference of −19.1 Pa. The air change rate and air pressure difference typically increased in Finnish buildings during energy efficiency retrofit, whereas they decreased in Lithuanian buildings. [24,25]



Measurements from a two-story detached house with mechanical supply and exhaust ventilation showed an air pressure difference of −5 Pa < ΔP < 0 Pa at the first floor, and it was similar but of the opposite sign at the second floor. Measurements from a five-story apartment building showed ΔP = −11 Pa at the first floor and ΔP = −2 Pa at the fourth floor, on average [26]. A subsequent study with three two-story detached houses and the same apartment building concluded that at least ±10 Pa should be used as design value for detached buildings and up to ±30 Pa in cases with highly airtight building envelope with unbalanced ventilation [27]. Other examples are approximately −20 Pa in the first floor of five-story apartment buildings during cold weather [28], −17 Pa to −5 Pa between indoor air and crawlspace at a four-story apartment building [29], and almost constantly negative air pressure difference with the maximum measured underpressure being −38 Pa in a school building [30].



Adjustment of ventilation rates and even overpressurization can prevent transport of impurities to indoor air [31,32,33,34,35,36]. In cold climates, exfiltration can increase moisture loads into the envelope structures [37], but the risk increase has been considered small, if the indoor vapor excess is small [38,39]. An overpressure of 5–7 Pa indicated positive impacts to the indoor air quality at a studied school building, but a strong confirmation of the results was difficult due to small sample size, large number of factors and only partly reaching the target conditions [40].



A follow-up study of seven buildings with airtightness retrofit concluded that the envelope structures and the sealant materials had stayed in good condition, but the ventilation system required adjustments in 20–30% of the areas [41].



The previous Finnish guidelines have stated that buildings should be designed to have a small underpressure over the envelope, but no more than −30 Pa [42,43,44]. The current regulations demand that exfiltration must not cause degradation or harmful accumulation of moisture into the structures, and infiltration must not transport harmful impurities to indoor air [45,46]. An average air pressure difference of larger than −15 Pa should be investigated and made smaller [47]. A stricter guideline also exists that for the design of new and maintenance of existing buildings should not be more than −5 Pa [48]. One to two weeks long continuous measurements are recommended for the purposes of indoor air quality condition investigations [49]. The airflows and whole ventilation system must be also taken into account to balance various performance requirements [50].




1.3. Goals of the Study


The aim of this paper is to present results from air pressure difference measurements of 22 Finnish schools and daycare centers and two assisted living facilities all with mechanical ventilation. The research questions were:




	(a)

	
What was the general behavior of air pressure differences?




	(b)

	
Was there a difference between new and retrofitted buildings?




	(c)

	
How well did the conditions comply with the national guidelines?









This paper is related to the project: “Comprehensive Development of Municipal Service Buildings (COMBI)”. There exist previous publications in the form of two M.Sc. theses [51,52] and two Finnish Building Physics Symposium papers [53,54], all in Finnish. Initial measurement results are reported in [55].





2. Materials and Methods


2.1. Studied Case Buildings and Measurement Locations


Field measurements were conducted in 12 new and 12 comprehensively retrofitted municipal service buildings in the Pirkanmaa and Helsinki regions in Finland (Table A1 and Table A2). The monitored zones in those buildings are listed in Table A3. The buildings considered as new in this study were on average five years old during the field measurements. The retrofitted buildings were on average 58 years old but had gone through an extensive retrofitting work on average four years prior to the field measurements. Most of the buildings were schools and daycare centers, while two of the buildings were assisted living facilities. One of the new and retrofitted buildings belonged to the same complex and were connected to each other through a passageway.



The case buildings were owned and managed by the research project partner cities and municipalities. The criteria for choosing new case buildings were as follows: (a) a building having a small air tightness number n50 or q50 and (b) a building belonging to other studies in COMBI research project.



The criteria for choosing retrofitted case buildings were as follows: (a) large air pressure differences between indoor and outdoor air discovered in a condition survey; (b) pre-reported user complaints about inadequate indoor air quality; (c) findings of exceptionally large energy consumption, (d) special attention had been put to improve the energy efficiency of the building during retrofitting, including measures such as improved ventilation with heat recovery and/or supplementary thermal insulation of the envelope structures; and (e) buildings belonging to other studies in the COMBI research project. The criteria for selecting case buildings are relatively shortly described, but the selection process also included the evaluation of several other possible criteria, such as the type of building envelope structures; the number, type, and zoning of ventilation equipment; and the details of building use. These latter criteria were not eventually used because either the necessary data were not readily available and gathering them would have required unreasonably high resources, or it was considered that although the data would have been available, there would not have been enough a prior information to properly differentiate between different situations.



Air pressure differences were measured in rooms describing the typical function of the building. In schools and daycare centers, the measuring units were located mainly in classrooms and playrooms, respectively. In assisted living facilities, the measuring units were located in rooms for occupants and in corridors.



The measurements included 24 buildings in total, of which 12 were new and 12 were retrofitted. Two of the buildings (one new, one retrofitted) were extensions, but were considered as separate buildings because of the differences when compared with the other parts of the building complex. The number of measured rooms was 28 for new buildings and 25 for retrofitted buildings, so that the number of measured rooms per building was mostly one to three. In most of the cases, two measurement units were used per room, and the total number of measurement points was 53 in new buildings and 47 in retrofitted buildings. The measured buildings and rooms are listed in Appendix A.



Two measurement units per room were installed on the inner side of the exterior wall on the same vertical line. The vertical distance of the bottom unit from the floor surface was between 0.08 and 1.50 m (mainly 0.1–0.4 m, mean 0.24 m). The other unit measuring the conditions at the top part of the wall was above the bottom one and was at distance 1.90–5.35 m (mainly 2.10–3.50 m, mean 2.7 m) from the floor surface. One measurement point in a school sports hall was located only at the higher level (2.4 m) to protect it from physical contact. The units were installed to the first floor above ground (at ground floor).



The details of the ventilation systems varied, but all studied case buildings had either mechanical exhaust or supply-and-exhaust ventilation. Typically, the case buildings contained multiple ventilation zones with one or multiple units managing each zone. The ventilation units were controlled either by pre-set time schedules, demand-control based on CO2 concentration, boosted ventilation by user-adjustable timers, or a combination of the previous. Some of the zones had cooling but not all (19% of the confirmed cases). The daycare centers were mostly single-story buildings and overall smaller in size, whereas the school buildings were multi-story buildings with a larger floor area. The location of the measurement points also varied with respect to the orientation of the building and local microclimatic conditions.




2.2. Measurement Equipment


The process for selecting suitable measurement equipment for field monitoring included a preliminary survey, laboratory comparisons of different systems, and eventually the design and manufacturing of custom measurement equipment.



The preliminary survey of air pressure difference monitoring equipment was done by first tabulating the specifications, capabilities, and prices of different systems based on the information from the manufacturer’s websites and by direct contacts with the companies. Based on this, a list of 12 possible differential pressure transmitters and the accompanying utilities was formed. Then, a short list of three differential pressure transmitters/sensors (Vaisala PDT101, Beck 984A (3-wire) and Honeywell HSCDRRN001ND2A3) were chosen for further laboratory testing. The first two were available with complete field measurement capabilities, whereas the third one was included as an in-house development project over a Raspberry Pi platform.



Three transmitters were compared with each other using Additel 901A low-pressure test pump for creating adjustable stationary air pressure conditions. A comparison was also done against measurement results from a calibrated Furness Controls FCO16 Digital Manometer. Besides room-temperature stationary conditions, three transmitters were also tested by installing one of each to measure the air pressure difference over the laboratory building’s exterior wall. All the tested systems gave similar results in the preliminary laboratory testing.



The final decision on the equipment type was made based on the type (analog or digital), measurement range, accuracy, stability, and total investment costs. It was eventually chosen to use the Honeywell pressure sensors connected to Raspberry Pi computers. Important reasons for this were the relatively low cost of equipment and the possibilities to extend the system in the future. The total number of measurement units was 120 and the setup is presented in Figure 1.



The chosen type of differential pressure transmitter (No. 1 in Figure 1) used I2C digital communication protocol to communicate with Raspberry Pi (2 in Figure 1). Cloud services and mobile (GSM) modems were originally installed to allow for data to be gathered without on-site visits. The system was set to boot automatically into measurement protocol when the power was turned on. The measurement interval was five minutes, and the data were written to weekly csv files, which were then uploaded into the server. A linear correction (calibration) was determined separately for each of the measurement units and applied to measurement results before further data analysis. The calibration was done using the Additel low-pressure pump and the Furness Controls pressure manometer.



In most of the studied buildings, the measuring tubes were led straight through the drilled holes in the external wall. The air gaps in drillholes of the external walls were carefully sealed in indoor and outdoor faces in the external walls to keep the building as airtight as before. Curved tubes via window frame were applied in one case study building, where drilling through the external walls was not allowed due to the airtightness requirements of a new building. The external head of the outdoor air measuring tube was sheltered with a ventilated plastic cover box to protect it from rain and other direct exposure to outdoor climatic conditions.



Despite the initial testing, a large part of the modems experienced malfunctions during the measurement campaign, and in large part, the data were not properly uploaded into the server. Malfunctions in the modem also contributed to a situation, where some of the units lost the correct time when doing an intentional reboot or when the unit was detached from the electricity socket and attached back. There were also malfunctions in the Secure Digital (SD) card durability, likely because the number of writes to the SD card started to exceed the card specifications.



Because of the data transfer and storage malfunctions, the modems were removed, dedicated clock timers (3 in Figure 1) were added, and SD cards were replaced with more durable ones during the measurement campaign. The equipment malfunctions caused several gaps into the measurement results, and the data files also had to be manually checked against pen-and-paper journals to identify the correct time stamps in the data. If the measurement results were not possible to allocate to a certain time period with confidence, then those parts of the data were removed from the studies presented in this paper.




2.3. Measurement Times and Data Analysis


The total duration of field measurements, i.e., the measurement units being in the studied buildings was about 19.5 months, lasting from 21 November 2016 to 8 July 2018. The duration of individual time series varied within these limits due to differences in installation/removal dates and possible equipment malfunctions.



The first task of the data analysis was to identify reliable time stamps, align the data sets according to them and remove the sections of the data where the correctness of the time stamps was uncertain. This was done largely manually. After that, each of the data sets were plotted in whole and in parts with Python code to visually inspect the overall behavior of the data.



A base-case scenario was formed by keeping each individual time series at its maximum length. It was, however, also of interest to study variations within the whole measurement campaign, such as due to differences between summer and winter, and between working weeks and holiday weeks. Because of this, the data were divided into winter season 2016–2017 and spring/summer season 2018, and then for work/holiday weeks as follows: 12–18 December 2016 (work week), 26 December 2016–1 January 2017 (holiday week), 14–20 May 2018 (work week), 4–10 June 2018 (holiday week), and 2–8 July 2018 (holiday week). These individual calendar weeks were selected based on the regional time schedules for schools and daycare centers, the representation of different times of the year, and the availability of measurement data with correct time stamps. It was required that a time series needed to have at least 1500 readings (~5 days and 5 h out of 7 days) for it to be included into the analysis.



The calendar weeks were then further divided into four operating situations (OS). This was done because of the distinctive patterns in how the studied schools and daycare centers and their ventilation systems were being used. The most common use was the normal school and daycare activities during the day, while some of the buildings had additional evening activities, such as hobby groups. The four different operating situations used (OS) for this study are presented in Table 1.



Descriptive statistics were calculated for each of the data sets. The statistics were related to the time of air pressure difference being in certain range or to the air pressure differences corresponding to certain cumulative distribution function (cdf) percentages. The descriptive statistics were: (i) the number of readings, (ii) percentage of time of underpressure (ΔP < 0 Pa), (iii) percentage of time of overpressure (ΔP > 0 Pa), and (iv) percentage of time air pressure difference in the range –15...0 Pa; (v) the 0% cdf value (minimum), (vi) 2.5% cdf value, (vii) 50% cdf value (median), (viii) 97.5% cdf value, (ix) 100% cdf value (maximum), and (x) the arithmetic mean.



Statistical tests were used to compare new and retrofitted buildings to each other. The t-test for two independent samples with unequal variances tests the null hypothesis that the sample means are equal. The Mann–Whitney U-test was used to test if two independent samples came from the same population. The U-test assumes the homogeneity of the variances for the background population but is less strict for the violation of this than the t-test for two independent samples (not the previous test). The two-sample Kolmogorov–Smirnov (KS) was used to test if the two samples came from the same distribution [56]. The two-tailed p-values were calculated with the scipy.stats package [57]. The alpha level was set to 0.05.



Besides air pressure difference measurements, additional information was also gathered from the studied buildings, such as type and service areas of mechanical ventilation systems, short questionnaires to building users on indoor air conditions, and measurements on indoor and outdoor air conditions. This material was utilized as a background material when studying the air pressure difference conditions but could also be further studied in future projects.





3. Results and Discussion


3.1. General Description of Air Pressure Difference Behaviour


One of the first noticeable things in the data were the regular behavior of air pressure difference in certain measurement points. This was due to the mechanical ventilation commonly used in the studied schools and daycare centers and which was typically scheduled to run with higher airflow rate during the weekdays and lower airflow rate during other times. Examples of typical air pressure difference behavior are shown in Figure 2.



In Figure 2a, the air pressure difference was approximately −8 Pa during weeknights and weekends (OS2, OS3) and −3 Pa during the weekdays (OS1). These values can be considered good from the perspective of the Finnish guidelines. In Figure 2b, the air pressure difference was approximately −...−40 Pa during weeknights and weekends and −5 Pa during weekdays. In this case, the weekday values were within the recommended range, but the weeknight and weekend values were larger compared with the recommendations in guidelines. For both examples, the air pressure difference was mostly negative, which is in line with the national guidelines.



In the previous examples, the air pressure difference behaved in a regular way, but this was not always the case. In some measurement points, the air pressure difference had greater variance within each operating situation (OS), and the data might not show as clear patterns as in Figure 2. Two more examples of air pressure difference from individual measurement points are shown in Figure 3.



Figure 3a shows continuous overpressure conditions with higher values during weekdays, compared to weeknights. The figure shows also varying weeknight air pressure conditions, when comparing successive nights. This kind of behavior was a clearer step-change type in Figure 2b, whereas in Figure 3a, it is more gradual. Some of the measurement points also experienced fluctuation between under- and overpressure conditions, as is shown in Figure 3b.



Some of the measurement results showed strong (|ΔP| > 100 Pa) peaks, which could be either positive or negative. When they occurred, it was typically during afternoon hours and lasted for approximately 5–20 min. The reason for these peaks was not certain, but they could have been created by multiple ventilation units operating at little bit different schedules. One-day irregularities were also noticed from the data, when the air pressure level differed a certain day and then returned to the original level. The likely cause for these differences were the various events held in the measured buildings, such as open house days, ceremonies, and parties.



Overall, the air pressure conditions showed multiple kinds of patterns and ranges, although the basic functionality of the buildings was somewhat similar (schools and daycare centers), and the measurements were done from the first-floor level.




3.2. Comparison between New and Retrofitted Buildings


A comparison of air pressure differences for new and retrofitted buildings is presented in Figure 4. The cumulative distribution functions (cdf) represent the 2.5% cdf values, arithmetic means, and 97.5% cdf values calculated from all the measurement points and from the full final time series. The bold vertical lines in Figure 4 show the national guidelines for air pressure differences according to Ch. 1.2 (−15 Pa, −5 Pa, and 0 Pa).



Based on Figure 4, the air pressure differences over the ground floor walls were generally smaller in retrofitted buildings, compared with new buildings. This is visible in curves for the 2.5% cdf values and means in Figure 4, where the dashed lines are closer to zero, compared with the solid lines. The upper-range values described by the 97.5% cdf values were similar between retrofitted and new buildings for approximately 80% of the measurement points (up to +4 Pa overpressure), but for the last 20% of measurement points, the new buildings experienced higher overpressures compared with the retrofitted buildings. In other words, the differences between new and retrofitted buildings were most visible in Figure 4 for the largest underpressures and largest overpressures.



The cdf curves in Figure 4 show smooth increase in the middle part of the curves, but also horizontal flat sections in the lower and upper ends of the curves. This means that there was ~5–15% of measurement points with higher-than-typical underpressure and ~10% of measurement points with higher-than-typical overpressure conditions. From the perspective of building maintenance, the ventilation systems related to these measurement points would be primary targets for further investigations and performance improvements.



Based on visual inspection of Figure 4, the value range between 97.5% cdf values and 2.5% cdf values was mostly between 10 Pa and 30 Pa, depending on the case and the specific cumulative distribution function percentile.



On the comparison of new and retrofitted buildings the two-tailed p-values from statistical tests were as follows: for the 2.5% cdf values, the t-test showed not significant (p = 0.12) results, while the U-test and KS test showed statistically significant difference (p = 0.004 and 0.012). For means, the t-test and KS test showed not significant results (p = 0.064 and 0.060), while the U-test showed statistically significant results (p = 0.038). For the 97.5% cdf values, none of three tests (t-test, U-test, and KS test) showed statistically significant results (p = 0.15, 0.80, and 0.86, respectively). These results are interpreted such that, although the proper adjustment of the ventilation system will likely reduce the largest underpressure conditions, the a priori difference between randomly selected new and recently retrofitted building is likely to be small. Further descriptive statistics are given in Table 2.



The mean air pressure difference was within −15 Pa and 0 Pa in 81% (new buildings, 43/53) and 89% (retrofitted buildings, 42/47) of measurement points, and within –5 Pa and 0 Pa in 34% (18/53) and 53% (25/47), respectively. The values correspond to a visual inspection of Figure 4.



The minimum mean air pressure differences were −24.4 Pa for new buildings and −31.3 Pa for retrofitted buildings, respectively. The order of these is different when compared with the mean-of-means, where the value for new buildings was further away from zero compared to retrofitted buildings. The minimum (single measurement points) 2.5% cdf value was −109.5 Pa for new buildings and −68.4 Pa for retrofitted buildings, both of which are quite strong underpressure conditions. The absolute minimum air pressure difference values were smaller than these. The maximum 97.5% cdf value was +32.6 Pa for new buildings and +11.4 Pa for retrofitted buildings.




3.3. Comparison between Different Operating Situations


Figure 5 shows the cumulative distributions functions for new and retrofitted buildings and for different operating situations OS 1–OS 3 (Table 1).



The low-end values of air pressure differences (2.5% cdf values in Figure 5) were close to each other between different operating situations. The differences between operating situations were larger when compared using the means of the samples and largest when compared using the 97.5% cdf values.



To study the correlation between air flow rate and air pressure difference further, an equation was derived for the impact of a small, fixed-size change in volumetric airflow rate: First, the power-law equation is written as:    q v  = C Δ  P n   , where qv is the volumetric air flow rate (m3/s) and ΔP is the air pressure difference (Pa). Flow coefficient C and flow exponent n are positive and determined by least-squares procedure [58]. Flow exponent  n  is assumed to be smaller than one (n < 1). Secondly, the formula is written as:   Δ P =    (   (   q v  + Δ  q v   )  / C  )    1 / n    , where   Δ  q v    (m3/s) is a small positive fixed value that describes the inaccuracy in the airflow rate adjustment. Thirdly, the change to air pressure difference   Δ  P  c h a n g e     (Pa) from constant   Δ  q v    is defined as:   Δ  P  c h a n g e     =   Δ  P  Δ  q v    − Δ  P  Δ  q v  = 0     =      (   (   q v  + Δ  q v   )  / C  )    1 / n     −      (   q v  / C  )    1 / n    . From these equations it can be noticed, that because n < 1, then   1 / n > 1  . This leads to the result, that for a fixed   Δ  q v   , the change in air pressure difference   Δ  P  c h a n g e     increases, as the absolute airflow rate qv increases. The results in Figure 5 contradicts this result, so it is concluded that the variation in air pressure difference conditions must also be affected by other variables than just the natural power-law-type behavior at different airflow rate levels.



If we look at the mean air pressure difference curves in Figure 5, then the weekdays (OS 1) had values closest to 0 Pa, when compared with OS 2 and OS 3. This result was in line with the Finnish indoor environmental guideline values being targeted primarily for occupied hours. Further details of different operating situations are given in Table 3.



The medians of means in operating situations OS 1–OS 3 were −3.7 Pa, −6.3 Pa, and −5.8 Pa, which are relatively close to each other. However, a larger difference between weekdays and weeknights/weekends in the 2.5% cdf values could be noticed.



The differences between operating situations in an individual zone level are of further interest. Figure 6 gives an example of four buildings, where the air pressure difference conditions could be further improved.



The example shows that there were various combinations of air pressure difference conditions in the studied buildings. In the case of N_9_1_D, the air pressure difference at the bottom of the wall was about 84% of the time at the recommended range −15...0 Pa. However, during weeknights and weekends, there was strong underpressure beyond the recommended range. In the case of N_12_5_D, the situation was the other way around, i.e., there was strong underpressure during daytime, but the air pressure difference was closer to zero during weeknights and weekends.



In principle, the air pressure differences can be described using the variation between operating situations and variation within operating situations. As demonstrated in Figure 6, the variation between different operating situations can be large and should be accounted for. Figure 6 also shows an example of the variation within operating situation, by the range between 2.5% cdf values and 97.5% cdf values (described by the whiskers) being larger than the mean air pressure difference (described by the dot) for all the examples. This was checked for other measurement points and operating situations and the range between the two cdf values was almost always larger than the absolute mean air pressure difference for the same measurement point and operating situation. Additionally, in Figure 5, the range between 2.5% cdf values and 97.5% cdf values is much larger than the difference between different operating situations. This implies that the air pressure differences were better under control with respect to different operating situations than with respect to what happens within a specific operating situation. If the air pressure difference conditions would be improved by adjusting the mean air pressure difference per operating condition to be closer to 0 Pa, then there would still be a certain (inherent) variation in how the air pressure difference behaves during those situations. A large variation around the mean could still be harmful due to the alternating over- and underpressure, but this would require further studies. For a proper control of air pressure difference, both the variation between operating situations and within each operating situation should be addressed.



Figure 7 shows the difference in air pressure differences between the top and bottom parts of the wall.



The mean (standard deviation) outdoor air temperature during weeks 2016-W50, 2016-W52, 2018-W20, 2018-W23, and 2018-W27 were as follows: −2.6 °C (3.0 °C), 1.4 °C (2.8 °C), 16.8 °C (5.3 °C), 11.7 °C (4.1 °C), and 16.3 °C (3.2 °C), respectively. The values are calculated from the stacked hourly outdoor air temperatures of The Finnish Meteorological Institute observation stations at Helsinki Kaisaniemi and Pirkkala Tampere-Pirkkala Airport [59].



The upper parts of the measured walls experienced an air pressure difference that was closer to zero (less negative) than the lower parts of the walls. For example, if the air pressure difference at the top part of the wall would be −9 Pa and at the bottom part of the wall −12 Pa, then the difference in air pressure differences would have been: (−9 Pa) – (−12 Pa) = 3 Pa. If we use an average vertical height difference of: 2.7 m – 0.24 m = 2.46 m between the measurement units, then the air pressure difference would have decreased approximately by: 3 Pa/2.46 m = 1.2 Pa/m during winter conditions. For more accurate results the averaging should be done last and is left for future studies. Figure 7 also shows negative values especially in summer conditions, which might have been caused by solar radiation and surface heating on the exterior side of the wall structure and/or measurement uncertainties. The influence from work or holiday week was considered minor.





4. Conclusions


This paper presented field measurement results of air pressure difference over the building envelope from 22 Finnish schools and daycare centers and two elderly housing units. The measurement points were located at the ground floor. All studied buildings had mechanical ventilation. The measurement units (n = 100) were built around Raspberry Pi computers with Honeywell pressure sensors. The equipment experienced malfunctions in the internet connection, SD card durability, and internal clock, which were later fixed, but caused interruptions to the measurement data. Data with uncertain time stamps were removed from the analysis.



Certain measurement points showed strong stepwise air pressure differences caused by the time schedules of the mechanical ventilation. There were also situations where the air pressure difference had some rough average level, but had higher temporal variation, likely caused by the variable air volume (VAV) system, wind, and user behavior. On average, the air pressure difference was between −15 Pa and 0 Pa in 81% of measurement points in new buildings (mean −7.8 Pa) and 89% of measurement points in retrofitted buildings (mean −5.5 Pa). Visual inspection and statistical tests of the results implied that the recently retrofitted buildings had the largest underpressure conditions that were better in line with the Finnish guidelines when compared with the new buildings. The difference was, however, small when compared to the overall variation in the results.



Although the average air pressure differences were quite well within the recommended range, the overall conditions could be improved. The top ~10% of measurement points at both high underpressure and overpressure conditions should be brought within the recommended range and the overall temporal variation could be reduced. The conditions also varied between operating situations, creating multiple combinations of values being in or out of the recommended range. Due to the variation between operating situations, it is recommended to use continuous measurements of at least one week when studying the air pressure difference conditions of a building (as is instructed in current Finnish condition investigation guidelines). The time resolution for successive measurements should be short, e.g., a few minutes. The time of year and outdoor air temperature affect the magnitude of stack effect in the building, and the evaluation process of the air pressure difference conditions should take this into account.



Comparison to earlier literature is not straightforward because earlier results have been primarily reported for single buildings or for point-like (not continuous) measurements. Nevertheless, previous studies have shown underpressure at the ground floor, and the same behavior was present in this study.



From the viewpoint of this study, it would be reasonable to first ensure that largest air pressure differences are decreased to be within the guideline values. After that, the optimum mean air pressure difference should be set by taking into account the size of the indoor moisture excess, amount of impurities in the building envelope, and the safety margin related to the variance in air pressure difference. This would improve the accuracy of building performance evaluation.
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Appendix A


The next tables give additional information on the measured buildings and zones. The measurements were conducted during 2016–2018, and there was variation in the length of the measurement period corresponding to individual measurement units.
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Table A1. The new case study buildings. The city of Helsinki is located in Southern Finland and the Pirkanmaa region in the southwest part of Finland. (*): Building has a new and retrofitted part.






Table A1. The new case study buildings. The city of Helsinki is located in Southern Finland and the Pirkanmaa region in the southwest part of Finland. (*): Building has a new and retrofitted part.





	Case
	Area
	Building Use
	Construction Year
	Number of Studied Zones (28 in Total)





	N 1
	Helsinki
	School and daycare center
	2015
	2



	N 2
	Pirkanmaa
	Daycare center
	2014
	1



	N 3
	Helsinki
	School and daycare center
	2012
	3



	N 4
	Pirkanmaa
	Assisted living facility
	2013
	1



	N 5 *
	Pirkanmaa
	School
	2006
	2



	N 6
	Helsinki
	School and daycare center
	2013
	2



	N 7
	Pirkanmaa
	Daycare center
	2014
	1



	N 8
	Helsinki
	Daycare center
	2013
	2



	N 9
	Helsinki
	Daycare center
	2015
	3



	N 10
	Pirkanmaa
	Daycare center
	2012
	3



	N 11 *
	Pirkanmaa
	School
	2012
	2



	N 12
	Pirkanmaa
	School and daycare center
	2013
	6
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Table A2. The retrofitted case study buildings. The city of Helsinki is located in Southern Finland and the Pirkanmaa region in the southwest part of Finland. (*) Building has a new and retrofitted part.






Table A2. The retrofitted case study buildings. The city of Helsinki is located in Southern Finland and the Pirkanmaa region in the southwest part of Finland. (*) Building has a new and retrofitted part.





	Case
	Area
	Building Use
	Construction Year
	Retrofitting Year
	Number of Studied Zones (25 in Total)





	R 1
	Pirkanmaa
	Daycare center
	1983
	2015
	2



	R 2
	Pirkanmaa
	Daycare center
	1980
	2014
	2



	R 3
	Pirkanmaa
	Assisted living facility
	1955
	2013
	3



	R 4
	Pirkanmaa
	Daycare center
	1906
	2013
	1



	R 5 *
	Pirkanmaa
	School
	1950
	2016
	1



	R 6
	Helsinki
	Daycare center
	1981
	2013
	2



	R 7
	Helsinki
	Daycare center
	1971
	2012
	2



	R 8
	Helsinki
	Daycare center
	1976
	2015
	2



	R 9
	Helsinki
	School
	1966
	2013
	3



	R 10
	Pirkanmaa
	Daycare center
	1929
	2012
	1



	R 11 *
	Pirkanmaa
	School
	1958
	2012
	2



	R 12
	Helsinki
	School
	1965
	2014
	4
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Table A3. A listing of the zones that were monitored in the measurement campaign. N = New building, R = Retrofitted building. Zone id is of the format <building number>_<zone number>. (*) N_3_7 Gym was not included in the calculations on the difference of air pressure differences between top and bottom part of the wall (Figure 7).






Table A3. A listing of the zones that were monitored in the measurement campaign. N = New building, R = Retrofitted building. Zone id is of the format <building number>_<zone number>. (*) N_3_7 Gym was not included in the calculations on the difference of air pressure differences between top and bottom part of the wall (Figure 7).





	
New Buildings

	
Retrofitted Buildings




	
Building Type

	
Zone Id

	
Description

	
Building Type

	
Zone Id

	
Description






	
N

	
1_1

	
Lunchroom

	
R

	
1_1

	
Staff room




	
N

	
1_2

	
School class

	
R

	
1_2

	
Playroom




	
N

	
2_1

	
Playroom

	
R

	
2_1

	
Shower/WC-room




	
N

	
3_1

	
School class

	
R

	
2_2

	
Playroom




	
N

	
3_2

	
Rest room

	
R

	
3_1

	
Hall




	
N

	
3_7

	
Gym (*)

	
R

	
3_2

	
Hall




	
N

	
4_1

	
Habitable room

	
R

	
3_8

	
Habitable room




	
N

	
5_1

	
School class

	
R

	
4_1

	
Playroom




	
N

	
5_3

	
School class

	
R

	
5_1

	
Staircase




	
N

	
6_1

	
Storeroom

	
R

	
6_1

	
Playroom




	
N

	
6_2

	
Playroom

	
R

	
6_2

	
Playroom




	
N

	
7_1

	
Playroom

	
R

	
7_1

	
Playroom




	
N

	
8_1

	
Playroom

	
R

	
7_2

	
Playroom




	
N

	
8_2

	
Playroom

	
R

	
8_1

	
Playroom




	
N

	
9_1

	
Playroom

	
R

	
8_2

	
Playroom




	
N

	
9_2

	
Office room

	
R

	
9_1

	
School class




	
N

	
9_3

	
Office room

	
R

	
9_2

	
School class




	
N

	
10_1

	
Playroom

	
R

	
9_5

	
School class




	
N

	
10_2

	
Playroom

	
R

	
10_1

	
Playroom




	
N

	
10_3

	
Kitchen

	
R

	
11_1

	
Hall




	
N

	
11_1

	
School class

	
R

	
11_2

	
School class




	
N

	
11_2

	
Gym

	
R

	
12_1

	
School class




	
N

	
12_1

	
Office room of the kitchen

	
R

	
12_2

	
Lunchroom




	
N

	
12_2

	
Hall

	
R

	
12_3

	
School class




	
N

	
12_3

	
Staff room

	
R

	
12_5

	
Gym




	
N

	
12_4

	
Playroom

	

	

	




	
N

	
12_5

	
Consulting room

	

	

	




	
N

	
12_6

	
Utility services room
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Figure 1. The air pressure difference measurement unit inside an installation box. 1. Differential pressure transmitter (Honeywell TruStability). 2. Raspberry Pi 2 model B. 3. Clock timer. 4. Flexible tube for differential pressure transmitter (indoor air conditions). 5. Power adapter for Raspberry Pi. 6. A coupler for different diameter tubes (outdoor air conditions). 7. Protective casing for the device. 8. Connection board (transparent plastic) to fix the equipment to the casing. 
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Figure 2. Examples of regularly varying air pressure differences between 14 and 21 May 2018. Air pressure differences were strongly controlled by the mechanical ventilation. Typically, the air pressure difference was smaller (closer to zero) during daytime and larger during weeknights and weekends. (a) Small underpressure with steady pattern; (b) large underpressure during weeknights and weekends with changing pattern during weeknights. 






Figure 2. Examples of regularly varying air pressure differences between 14 and 21 May 2018. Air pressure differences were strongly controlled by the mechanical ventilation. Typically, the air pressure difference was smaller (closer to zero) during daytime and larger during weeknights and weekends. (a) Small underpressure with steady pattern; (b) large underpressure during weeknights and weekends with changing pattern during weeknights.



[image: Buildings 12 01629 g002]







[image: Buildings 12 01629 g003 550] 





Figure 3. Air pressure difference over the exterior wall. (a) Measurements showing overpressure conditions with higher values during weekdays; (b) fluctuation between under- and overpressure. 
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Figure 4. Cumulative distribution functions of 2.5% cdf values (left), mean (center), and 97.5% cdf values (right) of air pressure differences in all of the measurement points. The values for new (solid lines) and retrofitted buildings (dashed lines) are calculated from the whole measurement duration. Vertical lines describe the national guidelines for air pressure differences over the building envelope. 
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Figure 5. Cumulative distribution functions of 2.5% cdf values (left), means (center), and 97.5% cdf values (right) for three operating situations (OS). The bolded vertical lines indicate guideline values for air pressure differences. 
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Figure 6. Example of air pressure difference conditions varying between different operating situations in four buildings. The vertical bars describe the relative portion of time that the air pressure difference was between −15 Pa and 0 Pa (left y-axis). The dot (mean) and whiskers (2.5% and 97.5% cdf values) describe the air pressure difference values (right y-axis). 
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Figure 7. Difference in air pressure differences over the top and bottom parts of the wall. Each of the box-and-whiskers plots describe one week of data. (w) = work week, (h) = holiday week, (U) = upper part of the wall, (D) = lower part of the wall. 
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Table 1. The different operating situations (OS) used in the study. The daytime/night-time hours were selected as a little bit shorter compared to full working day to include only times of full/no occupancy.
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	Operating Situation
	Symbol
	Days of the Week
	Time





	Whole week
	OS 0
	Mon-Sun
	00:00–24:00



	Daytime during working days (weekdays)
	OS 1
	Mon-Fri
	10:00–14:00



	Night-time between Monday evening and Friday morning (weeknights)
	OS 2
	Mon-Fri
	23:00–04:00



	Weekends
	OS 3
	Sat-Sun
	00:00–24:00
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Table 2. The number of measurement points belonging to different groups and the cumulative distribution function percentiles for air pressure differences in the groups.






Table 2. The number of measurement points belonging to different groups and the cumulative distribution function percentiles for air pressure differences in the groups.





	
Building

	
Value

	
Number of Measurement Points

	
Percentiles for Each of the Indicator




	

	

	
Total

	
<0 Pa

	
>0 Pa

	
−15...0 Pa

	
−5...0 Pa

	
0%

	
2.5%

	
50%

	
97.5%

	
100%

	
Mean






	
New

	
2.5%

	
53

	
53

	
0

	
26

	
1

	
−109.5

	
−55.2

	
−16.2

	
−5.4

	
−4.1

	
−20.4




	

	
mean

	
53

	
50

	
3

	
43

	
18

	
−24.4

	
−23.3

	
−6.2

	
1.4

	
3.3

	
−7.8




	

	
97.5%

	
53

	
14

	
39

	
14

	
14

	
−4.7

	
−3.8

	
1.6

	
28.1

	
32.6

	
3.8




	
Retrofitted

	
2.5%

	
47

	
47

	
0

	
32

	
3

	
−68.4

	
−61.9

	
−10.0

	
−4.5

	
−2.6

	
−15.4




	

	
mean

	
47

	
44

	
3

	
42

	
25

	
−31.3

	
−21.9

	
−4.3

	
0.6

	
0.8

	
−5.5




	

	
97.5%

	
47

	
14

	
34

	
13

	
11

	
−6.6

	
−5.5

	
1.4

	
10.9

	
11.4

	
2.0
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Table 3. Descriptive statistics on the air pressure differences for different operating situations. The total number of measurement points was n = 100.






Table 3. Descriptive statistics on the air pressure differences for different operating situations. The total number of measurement points was n = 100.





	
Operating Situation

	
Value

	
Under-Pressure, % of Time

	
Over-Pressure, % of Time

	
In Range

−15...0 Pa,

% of Time

	
Percentile

	
Mean




	
0%

	
2.5%

	
50%

	
97.5%

	
100%






	
OS 1

Mon-Fri 10–14

	
2.5%

	
100

	
0

	
62

	
−65.4

	
−48.7

	
−11.3

	
−5.0

	
−2.8

	
−15.0




	
Mean

	
88

	
12

	
83

	
−20.3

	
−16.8

	
−3.7

	
7.8

	
10.2

	
−4.5




	
97.5%

	
22

	
78

	
22

	
−6.5

	
−4.2

	
2.2

	
27.1

	
40.3

	
3.8




	
OS 2

Mon-Fri 23–04

	
2.5%

	
100

	
0

	
62

	
−66.3

	
−56.5

	
−12.5

	
−3.4

	
−2.0

	
−16.5




	
Mean

	
97

	
3

	
87

	
−35.4

	
−31.7

	
−6.3

	
0.3

	
3.0

	
−8.0




	
97.5%

	
69

	
31

	
66

	
−18.9

	
−15.5

	
−1.9

	
9.7

	
27.7

	
−1.6




	
OS 3

Sat-Sun 00–24

	
2.5%

	
100

	
0

	
63

	
−104.9

	
−62.8

	
−12.1

	
−4.1

	
−2.0

	
−17.0




	
Mean

	
95

	
4

	
87

	
−37.6

	
−31.3

	
−5.8

	
0.4

	
11.8

	
−7.6




	
97.5%

	
41

	
58

	
39

	
−21.0

	
−14.8

	
0.5

	
10.3

	
30.3

	
0.2
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