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Abstract

:

The majority of education buildings in Poland are equipped with natural (gravity) ventilation, where the air inflow depends on the level of window airtightness. A complete statistical urban population of 50 school buildings in Czestochowa have been examined. The main issue to be clarified is the answer to the following questions: Is it theoretically possible to supply enough air to meet the ventilation requirements with gravity ventilation? What is the airtightness of the windows at which it will be possible? The average technical conditions of windows in the analysed buildings were bad. However, only in the case in which high external air leakage coefficient a = 7.0 m3/(h m daPa2/3) (q100KL = 32.4912 m3/(h m) is the amount of air passing through the leaks similar to the quantitative ventilation requirements for classrooms. The quantity of air flowing from the outside through modernized windows that meet the technical requirements (a = 0.6 to 1.0 m3/(m h daPa2/3)) covers on average only about 12% and about 21% of the ventilation needs. Without installing additional vents in the rooms, or better yet, installing mechanical ventilation with heat recovery, meeting the ventilation norm requirements will be impossible.
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1. Introduction


The issue of air quality, in rooms in which people spend a lot of time, has gained importance due to the relation between air quality and ventilation (and the restriction of ventilation), energy consumption of heating and comfort of the people using such spaces. The problem described is not neglected by regulations in the EU—e.g., European Standard EN 14351-1:2006+A2:2016 and EN 12207:2016. However, errors or abuses in this area are still prevalent [1,2]. Excessive and uncritical airtight sealing of buildings as well as attempts to drastically reduce the fresh air changes that result from implementation of a heating energy saving programme have a negative impact on the quality of air in rooms and thus on their microclimate. In the longer term, such a situation brings about the so-called sick-building syndrome, which causes many health problems [3,4,5,6,7,8]. The term sick-building syndrome refers to the situation where staying in a certain room or building can cause and intensify negative health conditions in the user, leading to weakness or even illness. This combination of ailments, called a syndrome, includes irritation of the eyes, respiratory tract or skin, nausea and headaches, discomfort, irritation, fatigue and concentration problems. These symptoms are closely related to improper microenvironment, especially poor air quality [9,10,11,12,13]. Studies have shown that excessive airtight sealing of a building, without ensuring a properly functioning ventilation system, may cause illnesses and ailments in up to 80% of the people staying in such a building [11].



The indicator most frequently used to represent air quality in rooms occupied by people is the concentration of CO2 e.g., [14,15,16,17,18]. Carbon dioxide is a major, but not the only type, of indoor air contamination. In the literature, we can find results of studies whose authors use indicators referring to other substances. These coefficients include concentrations of particulate matter (PM) of different sizes, concentrations of respirable suspended particulate matter (RSPM), concentrations of biological contaminants (bacteria concentration), unpleasant odours and other indices of contamination [19,20,21,22,23,24]. Reduction of ventilation also leads to the increase of relatively high air humidity, which is conducive to excessive development of various types of mould [25,26].



Proper room ventilation is of particular importance for the comfort of work in education buildings. In this case, limiting ventilation for the sake of reducing heat loss from heated buildings usually has a negative impact on the quantity and quality of the fresh air and thus on the microclimate of classrooms and effectiveness of the teaching process [3,4,27,28,29,30,31,32]. Due to the increase in incidences of various types of allergies and asthma in students and teachers, the studies devoted to the quality of school environments have been intensified [4,32,33,34,35,36,37,38,39,40]. They have concentrated, among other things, on the direct impact of school environments on health deterioration, and have often indicated poor air quantity and quality as the primary cause of such problems.



The already-published works on education buildings confirm that concentration of CO2 generated mainly during metabolism is a very good and most frequently used measure of air quality in rooms [28,41,42,43,44]. As the analysis of CO2 concentration in classrooms shows, during classes the concentration of CO2 gradually increases [30,37,44,45,46]. Its gradual fall could be noticed only after all the classes end. This indicates, with high probability, that either regular and effective ventilation of the classroom during brakes was avoided, or performance of the ventilation system was insufficient, without taking into account for the time being, the issue of whether the maximum allowable concentrations of CO2 were exceeded or not. As determined by the European branch of the World Health Organization [35] and the American Society of Heating, Refrigeration and Air-conditioning Engineers [47], the permissible concentration of carbon dioxide in closed spaces is 1000 ppm (0.1%), which is a requirement of the so-called hygienic minimum. This acceptable limit is often exceeded, reaching (in the classrooms) such values as high as 4000 ppm [28,36,48,49,50,51]. The presented phenomena are very common in education buildings with natural (gravity) ventilation systems dominant in Poland, as well as in the countries with similar climate. These issues escalate during the heating season. Due to low outside air temperatures in the winter period people tend to avoid opening windows, which would create a more intensive ventilation. The situation is similar in education buildings that have been thermally upgraded, but where the existing natural ventilation system has not been changed into a more effective one [44,52,53,54].



In the operating system of natural (gravity) ventilation, fresh air flows into rooms mainly through leaks in windows and doors or through the air inlet vents installed in exterior walls, and the ‘used air’ is carried away in naturally through ventilation ducts. Such a ventilation system is sensitive for example to the changes of pressure, wind direction and speed, location of the building in the terrain and its position with respect to cardinal directions. This system practically makes satisfactory user control impossible and its relies mostly on facilitating the inflow of sufficient amounts of fresh air. The system, however, is used in a large number of education buildings. For this reason, this analysis will focus mainly on the particular importance of windows, which are critical in education buildings for at least three groups of inter-related issues connected with the use of rooms, which include:




	
functional characteristics of buildings related to ensuring appropriate lighting conditions;



	
seasonal heat consumption for the purpose of heating the classroom, due to the fact that the thermal insulation of windows is usually much worse than that of exterior walls;



	
natural (gravity) ventilation of rooms where fresh air flows in through the windows with a specific air leakage coefficient a (in Poland), expressed in m3/(h m daPa2/3) or q100KL expressed in m3/(h m) and which ensures or does not ensure inflow of the required amounts of fresh air into the room, even when the windows are closed.








Bearing in mind the title of this paper and the considerations carried out in the introduction, the purpose, subject and scope of the research and analyses presented in the next part should be clearly explained. The main purpose was to calculate the theoretical amount of outside air that could be supplied to an average classroom through window leaks for ventilation of this room at the average wind speed for the analyzed area. The theoretical amount of air flowing into the classroom was calculated, depending on the technical condition of the windows and the related tightness of the windows. The calculated amount of air was compared with the requirements for the amount of air needed for proper ventilation of the classroom. The main issue to be clarified in the present paper is the answer to the following questions:




	
Is it theoretically possible to supply enough air to satisfy the ventilation requirements? What is the tightness of the windows to make this possible?



	
What are the consequences of the analysis results for the functioning of the gravity ventilation system?



	
What are the consequences of the results of the conducted analysis for the modernization and thermo-modernization of school buildings?








Answers to the above questions will form the basis of the analysis referred to later in this paper as the theoretical analysis of functioning of natural (gravity) ventilation in class-rooms.



The issues essential for the subject of this paper were supplemented with statistical characteristics of the analyzed education buildings, classrooms and windows in these rooms. The above-mentioned elements are the subject of research and create an important environment for the conducted considerations. For this reason, they deserve a broader description based on our own research and statistical analysis.



The subject of research and analysis are all school buildings in Częstochowa. They form the complete urban statistical population of this type of education buildings. The scope of the paper presented is limited by the primary purpose of research and analysis.



The presented paper is the original material presenting the results of original research and analyses carried out by the authors.




2. Research


The presented analysis and its results are a small fragment of wider examinations of education buildings localized in the town of Czestochowa in southern Poland. All school buildings in the city where primary schools are located were examined and analyzed.



The overall logical structure of research and analysis to achieve a pre-defined purpose and answer the questions was the following:




	
calculation of the cubature of an average classroom in a given object;



	
establishment of the number of people staying in an average classroom in a given object;



	
calculation of a normative quantity of fresh air with respect to the classroom cubature;



	
calculation of a normative quantity of fresh air with respect to the number of students staying in the classroom;



	
comparison of calculated values and establishment of which one of them is higher;



	
establishment of the number and location of windows in the school, including the windows considered to be typical for a given object;



	
establishment of the number of typical windows per average classroom;



	
establishment of the perimeter of windows and opening sashes per classroom;



	
establishment of the length and dimensions of leaks in typical windows, found in an average (for a given building) classroom;



	
calculation of the probable quantity of outdoor air flowing into the classroom with respect to the local climate and technical conditions;



	
refinement of the comparison of the requirements concerning ventilation of analysed rooms with the probable existing situation in this respect;



	
drawing conclusions.








2.1. Methodology


The full statistical examinations included all school buildings in the city where primary schools are located, and they were conducted by stages. A method of ad hoc statistical census was applied here, with the use of selected measures of descriptive statistics and correlation analysis. The statistical observation was carried out by correspondence and direct surveys, interviews, site inspections and personally conducted measurements. The research material obtained in this manner is primary material, collected especially for the purposes of conducting statistical examinations.



The meteorological conditions related to the wind, especially its speed and direction, are important for the conducted analyses. It should be remembered that wind with appropriate characteristics can support or impede proper functioning of the natural (gravity) ventilation system of the building where window leaks allow inflow of fresh air from the outside. Terrain relief and shading may reduce or intensify the said effects. Therefore, taking this into account when considering the location of the building, the wind rose for the town of Czestochowa should be considered. On the basis of the data gathered by the author, which include their own data and calculations based on meteorological data from the Institute of Meteorology and Water Management in Katowice, data concerning wind speed obtained from Polish meteorological stations and data presented in other sources, it has been established that the analysed terrain may be classified as a region with mild windiness wav < 5 m/s (weak and moderate wind) [55,56]. During the heating season the wind here usually blows from the west, south-west and south.



Results of the conducted research and analyses will be presented later in the form of graphs showing changes in the values crucial for the discussed problems, and graphs of relationships which were the starting point for drawing the conclusions. In the graphs of value changes, trendlines were used, in the form of curves, and were described with a sixth-degree polynomial. In the case of the graphs of relations, the trendline in the form of curves described with a second-degree polynomial was used, and additionally, the value of the determination coefficient for these functions was provided, as R2. The paper does not present, however, the calculations on the basis of which said graphs were prepared, due to their secondary importance. Further steps of their implementation, as well as the basic assumptions which make their reconstruction possible, are presented below.




2.2. Educational Buildings and Classrooms


The presented analysis and its results are a fragment of wider examinations of education buildings, which were constructed between 1913 and 1992. They form a full municipal complex of 50 objects. These buildings make up a complete urban statistical population of objects of this type in which primary schools are operated. Complete statistical analysis included all members of this population and was conducted in stages in cooperation with the Municipal Office. The basic characteristics of this group of buildings, including the values essential for the deliberations presented in this paper, are shown in Table 1, with the use of selected measures of statistical description.



Classrooms of the analysed education buildings had an average usable area (Ac) of approx. 50.44 m2 and an average ceiling height of approx. 4.15 m (classrooms had a height of 3.15 m to just over 5.0 m). The average value of the coefficient indicating the area of the classroom per one student staying in it (Acs) was approx. 1.58 m2, with typical values ranging from 1.28–2.11 m2. These values are not significantly different from classrooms in other countries with similar education system standards. On the basis of the data published in the works of other authors, it was established that the average usable area of a classroom was approximately 55 m2, whilst the area of classroom per one student was between 1.8–2.4 m2/student [3,4,34,37,38,39,40,57]. According to the European standard EN 16798-1:2019 this value must be at least at the level of 2.0 m2/student [58].



The basic characteristics of classrooms, including the values essential for the deliberations presented in this paper, are shown in Table 2 with the use of selected measures of statistical description.




2.3. Windows in Classrooms


The area and layout of windows on the individual façades of education buildings have an impact not only on energy consumption but also on the occupancy conditions. What follows from this, is that there are direct relations between solar heat losses and gains and daylight illumination of classrooms, and possible ways of getting an amount of fresh air into the rooms that is sufficient for proper functioning of the natural ventilation system. These relations follow from a certain kind of common denominator for the issues addressed here. This common denominator includes the windows of an educational building as well as the impact of certain values characteristic for such external barriers on the said issues. For this reason the following factors were analysed:




	
simplified daylight illuminance indicator, defined as a ratio of windows area Aw to the usable area Au, and designated as Aw/Au;



	
façade glazing indicator, defined as a ratio of windows area Aw to the area of exterior walls together with windows (the façades area) Af, designated as Aw/Af.








When discussing the issues of ventilation and air permeability of windows it should be kept in mind that the speed and direction of wind may be of high importance. Due to the said directions of the wind, the surfaces of educational building windows installed on the western and southern façades seem to be important. For this reason the analyses also covered the values of the glazing indicator for the façades facing the south SAw and all the way to the west WAw.



Another point worth paying attention to, in the context of natural ventilation of rooms, is the division of the window area into opening sashes. The main value here is the perimeter of opening sashes (Pstw) in the windows typical for a given building. It seems that in this case, the form relatively often prevails over functional aspects of the window. Therefore, in the case of quite large areas of typical windows (Atw) that also have large areas of opening sashes, long-term use of windows and the accompanying technical wear, you can expect that many defects may occur and technical conditions of windows may deteriorate significantly.



These effects include, for example, excessive air permeability and excessive infiltration from the outside of cold air, which in the heating season must be heated. The permeability is excessive from the point of view of heating of rooms, however, not so much when it comes to the need for a sufficient fresh air inflow. A similar situation may occur in the case of windows the shape of which are characterised by high proportions of the perimeter of a typical window (Ptw) to its area (Atw). In the case of typical windows used in the Polish house-building industry, approximate values of the quotient (Pstw/Atw) are the following: (4.3–4.8) m/m2 for single sash windows, (4.0–4.8) m/m2 for double sash windows, (4.4–5.4) m/m2 for triple sash windows and 3.4 m/m2 for single sash balcony door [59].



In the case of windows in education buildings, which often have a larger area and non-standard division, different than that normally used in the house-building industry, the previously listed values (Pstw/Aw) may be different. As a result of local inspections, examinations and measurements, it was found that in the case of every building, the majority of windows have identical shapes and dimensions. The decision was made to treat such windows as typical for a given building. The analysed classroom windows are typical windows. For this reason, the following characteristics for typical windows in classrooms were analysed: area of typical window Atw, perimeter of typical window Ptw, perimeter of opening sashes (Pstw) in the typical windows, Pstw/Atw.



The basic characteristics of windows in the analysed buildings, including the values essential for the deliberations presented in this paper, are shown in Table 3, with the use of selected measures of statistical description.



The Aw/Au indicator = 0.20 is exceeded by 0.01–0.11 in 20 out of 50 of the analysed buildings. In the available publications in which the results of the research conducted in Belgium and Scotland were presented, in office buildings (not deviating from the currently applicable heat and energy standards) and in school buildings in Brazil the values of Aw/Au were found to amount to 16–32% [60], 10–27%, 12–29% [61] and in USA to 10–25% [62].



In the case of the analysed education buildings, the average value of the said indicator was 20.1%. It complies with the recommendations in this respect, concerning rooms intended for work and education, according to which the Aw/Au indicator should fall between 0.20 and 0.30 (the required minimum value for rooms intended for long-term occupancy by people should be at least 0.125).



The ratio of the windows area to usable area Aw/Au in education buildings is presented in Figure 1.



An indicator of another type, frequently used in analyses of the building glazing area, is the ratio of window area Aw to the façade area Af (Figure 2). The average value of the indicator (Aw/Af)av = 0.244, with the values in the range 0.1469–0.3616. It has been found that in only 30% of schools did the Aw/Af indicator fall below 0.2, which may be assumed to be the optimum value for objects of this type, taking into consideration the reduction of heat loss while ensuring, at the same time, appropriate daylight illumination conditions. In simulation analyses of education buildings in Ireland the average value of Aw/Af was 34% [63].



In the conclusions from the analysis of school buildings in Great Britain conducted in the 1980s, it was suggested that the Aw/Af indicator should be 20%. This solution was adopted in the model school and the research conducted proved this choice to be absolutely right. The average value of this indicator for the buildings discussed in this paper and amounting to Aw/Af = 24.4% seems not to differ substantially from the value mentioned above.



Taking into consideration the local meteorological conditions, the surfaces of educational building windows installed on the western and southern façades also seem to be important. These façades are particularly exposed to wind during the heating season. For this reason the values of the glazing indicator for the façades facing the south SAw and all the way to the west WAw are presented in Figure 3.



The analysis also revealed that the eastern and western façades have the largest glazing area EAw/Af = 0.2471, WAw/Af = 0.2401, respectively. None of the publications available to the author includes research concerning glazing of individual façades in comparison with the directions of local winds.



The analysed classroom windows are typical windows. The size of a typical window Atw ranges from 1.80 m2 (usually in the buildings erected before 1959) (always below 4.00 m2), up to 19.40 m2 in the schools erected after 1959 (in majority of cases it is 5.00 m2). The larger the area of windows, the longer their perimeter (Figure 4) and the more notable the increase of the number and perimeter of opening sashes of such a window (Figure 5), and thus, the total of these two perimeters. Furthermore, when the perimeter of a typical window Ptw increases by 260% at the maximum, the perimeter of opening sashes Pstw increases by 680% (Figure 6). It has also been noted that the Ptw/Atw indicator increases as the window area Atw decreases (Figure 7), and the large perimeter of windows is the cause of more significant leaks in the woodwork.



The point of view from which this problem is analysed in this paper is hardly present in the literature. There is, however, quite a large number of publications which associate window air permeability with the functioning of the gravity ventilation e.g., in [64,65,66,67].



In analysing the technical condition of education buildings, particular attention was paid to the windows and to the issue of their division into opening and fixed sashes. In this case the form often prevails over functional aspects of the window. Large areas of opening sashes are often damaged in the course of their use which makes it impossible to close them properly. This results in excessive air permeability and high air infiltration. The defects which occur most often are those causing excessive air permeability of windows (this applies to, on average, approximately 91% of the usable area of education buildings). Technical conditions of windows was assessed as bad in 49 out of 50 analysed buildings.




2.4. The Fresh Air Requirements


For the examined education buildings it was necessary to determine the fresh air rate requirements for a classroom. The outdoor air rate requirements for natural ventilation due to the cubature of a classroom (air change rate) was calculated from the equation:


   Q  s c   = n    V c  ,  



(1)




where:




	Qsc 

	
outdoor air rate requirements for natural ventilation due to the cubature of a classroom [m3/h];




	n   

	
air changes per hour in the classroom [ac/h];



(people outdoor air rate n = 1.5 ac/h taking into account the Polish requirements);




	Vc 

	
volume of the classroom [m3].









Whereas the outdoor air rate requirements due to the number of persons in a classroom was calculated from the equation:


   Q  S N   =  q p     N  s c   ,  



(2)




where:




	QSN 

	
outdoor air rate requirements due to the number of persons in a classroom [m3/h];




	qp   

	
people outdoor air rate per 1 student in the classroom [m3/(students·h)];



(adopted for the calculation qp = 20 m3/(students·h)-this corresponds to qp = 5.55 L/(students·h). This is the minimum outdoor air rate that is required in Poland);




	Nsc  

	
number of students in the classroom [students/classroom].









Other standards for this issue are primarily ASHRAE Standard 62.1-2019 (qp = 5.00 L/(students h)) and EN 16798-1:2019 (qp = 5.00 L/(students h)) [58,68,69].




2.5. Quantity of Fresh Air That Could Flow into the Classrooms


The essential value for the present analysis in order to determine the amount of air which may leak into the windows in the examined rooms. European Standard EN 14351-1:2006+A2:2016 indicates the standard EN 12207:2016 as appropriate for the determination of air permeability of windows [1,2]. At the same time, the standard EN 14351-1:2006+A2:2016 allows restriction of windows or determining these parameters by the each country, for the proper implementation of economic and building requirements posed in these countries. These European standards define four windows classes in terms of air permeability, inter alia, using rate of the air permeability q100KL through 1 m window leak, expressed in m3/(h m). The terms of appointment of this size in laboratory conditions is specified in EN 1026:2016 [70].



In Poland, the traditional parameter of air infiltration through windows and doors, reported in the Technical Approvals was an air leakage coefficient a which is defined as the amount of air that penetrates within 1 h through a window leak length of 1 m at a pressure difference 1 daPa, expressed in m3/(h·m·daPa2/3) and determined from the equation [62]:


  a =  Q   ∑  l      (  Δ p  )     2 3      ,  



(3)




where:




	a  

	
calculated air leakage coefficient [m3/(h·m·daPa2/3)];




	Q 

	
quantity of infiltrating air through leaks in windows [m3/h];




	∑l   

	
total length of all edges of opening sashes or door sashes of the window or door frame opening, together with the frame perimeter [m];




	Δpa 

	
vdifference of the pressure on both sides of the analysed barrier caused by the wind blowing with certain speed [Pa].









If the pressure difference is expressed in Pa, the Equation (3) has the form:


  a =  Q   ∑  l      (    Δ p   10    )     2 3      ,  



(4)







From Equation (4), er can calculate the quantity of infiltrating air Q through leaks in windows:


  Q = a    ∑  l      (    Δ p   10    )     2 3    ,  



(5)







However, in terms of European regulations, European standard EN 12,207 defines a parameter called “permeability of reference” [2]. This is the air permeability relative to the total widow area and/or the length of the contact hole-total length of all edges of opening sashes of the window frame opening, together with the frame perimeter, defined at a pressure of 100 Pa. For each class of EN sets as the limit, the value of air permeability calculated from measurements obtained at different test pressures on the quantity of air which corresponds to 100 Pa test pressure:


   q  100 K L   = Q    ∑  l      (    Δ p   100    )     2 3    ,  



(6)







From Equation (6) we can also calculate the quantity of infiltrating air Q through leaks in windows:


  Q =  q  100 K L      ∑  l      (    Δ p   100    )     2 3    ,  



(7)







Comparing Equations (5) and (7) we prepared the following:


   q  100 K L      ∑  l      (    Δ p   100    )     2 3    = a    ∑  l      (    Δ p   10    )     2 3    ,  



(8)







From Equation (8) we calculated q100KL:


   q  100 K L   = a       10    2 3    = a     4.6416  



(9)







The Equation (9) was used to calculate the air permeability rate q100KL to 1 m long leak window with the leak based on the known value of air leakage rate a. Taking into account the differences between the methodology for determining air leakage coefficient a and air permeability rate q100KL Equation (9) should be regarded as approximate. For the issues analysed here, an approximation seems to be sufficient. The difference between the results of calculations made by Equations (5) and (7) does not exceed 0.5%. Given these European standards and given that the infiltration coefficient a is expressed in m3/(h·m·daPa2/3) (which was and still is used in Poland) we here present the approximately corresponding values of the air permeability rate q100KL expressed in m3/(h·m).



For the purpose of implementation of the logical design presented in Section 2.1, the following conditions were assumed:




	
for the calculations of a standard demand for outdoor air in classrooms with gravity ventilation (Equations (1) and (2), the following was assumed for two analysed requirements: n = 1.5 air changes per hour (n = 1.5 ac/h) per average volume of the classroom, 20 m3 of outdoor air per person staying in the analysed room;



	
on the basis of our own data (and other sources it was assumed that the average speed of wind in Czestochowa in the heating season is between 3.5–4.0 m/s [56,59]. The wind blowing with such a speed causes differential pressure of 7–10 Pa;



	
for the purpose of calculating the air leakage coefficient a, for the established results of inspection of the poor technical condition of the majority of windows, we assumed a value of 4.5 m3/(m·h·daPa2/3) (~20.8872 m3/(h·m)) (which is consistent with the information presented in Table 2);



	
quantity of infiltrating air Q through leaks in windows was calculated on the basis of the Equation (5). One can also use Equation (7).








Approximate data regarding the air leakage coefficient for windows in existing buildings are presented in Table 4.



The values of the air leakage coefficient for new openable windows and balcony doors should be:




	
a ≤ 0.3 m3/(h·m·daPa2/3) (q100KL ≤ 1.3925 m3/(h·m)), if the fresh air gets inside through air inlet vents;



	
0.5 < a ≤ 1.0 m3/(h·m·daPa2/3) (2.3208 < q100KL ≤ 4.6416 m3/(h·m)), in other instances.








The answer to the question of whether these values are sufficient for correct functioning of natural (gravity) ventilation will be presented later.





3. Main Research Results and Discussion


3.1. Standardized Quantity of Fresh Air for Proper Ventilation in the Classroom


Results of the calculations of the necessary quantity of the air delivered through the ventilation system into a standard classroom, which results from applicable norm requirements in this respect and may depend on the cubature of the room (air change rate) or on the number of people staying in the room (volume of air per person), are presented in Figure 8. The values resulting from the demand for fresh air in a group of people occupying classrooms are approximately 50% higher than those resulting from room cubature and assumed numbers of air changes per hour. Such a situation could have been expected since it is typical for the majority of public buildings which may be temporarily occupied by large numbers of users of such facilities.




3.2. Quantity of Fresh Air Flowing into the Classroom


The windows in the investigated education buildings are draughty windows in bad and very bad technical conditions. After their replacement with new windows, they will meet the requirements for the air leakage coefficient for new openable windows and balcony doors. Taking into account the cases mentioned and to complement the main material of the analysis, we have separated and presented additional charts in Figure 9, Figure 10, Figure 11 and Figure 12. They were made for a pressure difference of 10 Pa, which corresponds to a wind speed of 4 m/s, for:




	-

	
draughty windows in a bad (a = 4.5 m3/(m h daPa2/3), corresponding to q100KL = 20.8872 m3/(h·m) (Figure 9)) or very bad (a = 7.0 m3/(m h daPa2/3), corresponding to q100KL = 32.4912 m3/(h·m) (Figure 10)) technical condition;




	-

	
good quality windows within the limits of the requirements for new windows (in the presented cases: a = 0.6 m3/(m h Pa2/3), corresponding to q100KL = 1.13925 m3/(h·m) (Figure 11); a = 0.6 m3/(m h daPa2/3), corresponding to q100KL = 2.7848 m3/(h·m) (Figure 12).









They depict three columns in different shades of blue drawn up for individual buildings. The height of the columns presented on Figure 9, Figure 10, Figure 11 and Figure 12 depends on: the regulatory quantity of the amount of air delivered to classrooms depending on the number of people staying in the classroom, the regulatory quantity of air depending on the cubature of classrooms and air change rate per hour and the estimated theoretical quantity of the air infiltrating into the analysed rooms through window leaks at a certain wind force and direction.



The fundamental graphical analysis using charts covers the cases of windows with different rates of outdoor air leakage a. These charts are presented in Figure 13, Figure 14, Figure 15 and Figure 16. Rates of outdoor air leakage a ranging from 3.5 to 7.0 m3/(m h daPa2/3) (q100KL from 16.2456 to 32.4912 m3/(h·m)) apply to the windows in a bad or very bad technical condition. In particular, the analysis takes into account the dimensions and lengths of leaks through which the air infiltrates into classrooms. As for rates of outdoor air leakage, on the other hand, a = 0.3 m3/(m h Pa2/3) and a = 1.0 m3/(m h Pa2/3) (q100KL = 1.13925 m3/(h·m) and q100KL = 4.6416 m3/(h m)) refer to new windows (e.g., replaced windows), the air permeability of which, according to the requirements applicable in Poland, should fall within the range from a = 0.3 m3/(m h Pa2/3) (q100KL = 1.13925 m3/(h·m)) to a = 1.0 m3/(m h Pa2/3) (q100KL = 4.6416 m3/(h·m)).



The average technical conditions of windows in the analysed education buildings were bad. This is the reason why the inflow of outdoor air into classrooms can be considered as a result of the functioning of the natural ventilation of the classrooms. However, only in the case of a significant technical deterioration of windows resulting in a high rate of outdoor air leakage did a = 7.0 m3/(m·h·daPa2/3) (q100KL = 32.4912 m3/(h·m) (Figure 10), that is when the technical conditions of the windows are worse than the average in the analysed objects; the quantity of air coming through the leaks during favourable weather conditions is similar or meets the ventilation requirements in this respect (Figure 10, Figure 13, Figure 14, Figure 15 and Figure 16).



It should be remembered here that the rate of outdoor air leakage, as estimated for the classrooms covered by the analysis, amounted to approximately 4.5 m3/(m·h·daPa2/3) (the rate of outdoor air permeability (q100KL) 20.8872 m3/(h·m) (Figure 9, Figure 13, Figure 14, Figure 15 and Figure 16).



In the case of wind blowing from a direction adequate for the layout of windows on the building façade, at the speed of 4.0 m/s (which is the most frequent, though not the only type of wind blowing in the discussed location) the said rate of outdoor air leakage gives only a possibility for the inflow of air in the quantity required by the criterion defined as the required amount of air change per hour (Figure 9). This quantity of fresh air is much less than that resulting from the average number of persons staying in the classroom. When the number of students staying in the classroom is equal to or higher than the average number of students per classroom, then the quantity of fresh air is insufficient.



This situation may, of course, be changed by opening the windows from time to time, which as it follows from the research, is avoided by the users of education buildings during the heating season. This situation is definitely much more advantageous for natural ventilation than outdoor air inflow through new, air-tight windows (Figure 11 and Figure 12). This is probably the reason why no significant symptoms of insufficient ventilation have been found. This applies to education buildings where the average value of air leakage coefficient a was at the level of 4.5 m3/(m·h·daPa2/3) and the average value of outdoor air permeability q100KL was at the level of 20.8872 m3/(h·m).



The quantity of air flowing into the classroom from the outside through windows that meet the technical requirements a = 0.6 m3/(m h daPa2/3) (q100KL = 2.7848 m3/(h·m)) and a = 1.0 m3/(m h daPa2/3) (q100KL = 4.6416 m3/(h·m)) (Figure 11 and Figure 12) covers on average only about 12% and about 21% of the ventilation needs resulting from the average number of persons staying in the classroom. In the latter case, on average, about 230 m3 of air is missing to meet the applicable ventilation requirements, depending on the cubature of the room (air change rate) and around 400 m3 of air to meet the applicable ventilation requirements depending on the number of people staying in the classroom (volume of air per person) (Figure 13 and Figure 15). Providing the missing quantity of air for classroom by installing window air inlet vents, usually at their maximum capacity of about 30 m3/h, is practically impossible.



In the case of new windows with the rate of outdoor air leakage a from 0.3 to 1.0 m3/(m·h·daPa2/3) (the rate of outdoor air permeability q100KL from 1.3925 to 4.6416 m3/(h·m), the infiltration of air is critically reduced. The quantity of air delivered to classrooms in this way is in the range of about 3% (minimum) to about 36% (maximum) of the needs resulting from proper ventilation requirements (Figure 14 and Figure 16).





4. Conclusions


The conducted research and analyses answer the fundamental questions posed in the introduction to this paper, which can be presented here again.



	
Is it theoretically possible to supply enough air to satisfy the ventilation requirements? What is the tightness of the windows required to make this possible?



	
What are the consequences of the analysis results for the functioning of the gravity ventilation system?



	
What are the consequences of the results of the conducted analysis for the modernization and thermo-modernization of school buildings?






Answers to the above questions were the basis of the analysis referred to later in this paper as the theoretical analysis of functioning of natural (gravity) ventilation in class-rooms. The main conclusions related to this analysis are presented below, taking into account the answers to the above questions.



For the examined education buildings it was necessary to determine the fresh air rate requirements for a classroom. The outdoor air rate requirements for natural ventilation can be due to the cubature of a classroom (air change rate) and due to the number of persons in a classroom. The values resulting from the demand for fresh air in a group of people occupying classrooms are approximately 50% higher than those resulting from room cubature and assumed numbers of air changes per hour. Such a situation could have been expected since it is typical for the majority of public buildings which may be temporarily occupied by large numbers of users of such facilities



The average technical conditions of windows in the analysed educational buildings were bad. This is the reason why the inflow of outdoor air into classrooms can be considered a result of the functioning of the natural ventilation of the classrooms. However, it is only in the case of a significant technical deterioration of windows resulting in a high rate of outdoor air leakage a = 7.0 m3/(h m daPa 2/3) (q100KL = 32.4912 m3/(h m) that the technical conditions of the windows are worse than the average in the analysed objects; the quantity of air coming through the leaks during favourable weather conditions is similar or meets the ventilation requirements in this respect. Bearing in mind the above, it should be mentioned that in the survey conducted by the authors in education buildings, respondents pointed out in the first place their significant permeability and related problems. In the surveys, as well as in CO2 concentration tests conducted in classrooms for verification purposes, there were no signals indicating a long-term and progressive occurrence in the heating season of symptoms suggesting poor air quality in classrooms. However, there were certain problem in the analysed population of buildings, though they cannot be treated as a norm. Therefore, it may be presumed (to the extent possible in the case of an imperfect system of natural ventilation) that the ventilation works relatively well. The results of the analyses show that windows in a bad or very bad technical condition (so inconvenient to use, favoring uncontrolled infiltration and exfiltration of air) thus ensure a relatively satisfactory functioning of the ventilation of classrooms.



It should be remembered here that the rate of outdoor air leakage, as estimated for the classrooms covered by the analysis, amounted to approximately 4.5 m3/(m·h·daPa2/3) (the rate of outdoor air permeability (q100KL) 20.8872 m3/(h·m). In the case of wind blowing from a direction adequate for the layout of windows on the building façade, at the speed of 4.0 m/s (which is the most frequent, though not the only type of wind blowing in the discussed location) the said rate of outdoor air leakage gives only the possibility for inflow of air in the quantity required by the criterion, defined as the required amount of air change per hour.



The quantity of air flowing from the outside through modernized windows that meet the technical requirements (a = 0.6 to 1.0 m3/(m h daPa2/3)) covers on average only about 12% and about 21% of the ventilation needs. The quantity of air flowing into the classroom from the outside through windows that meet the technical requirements covers on average only about 12% and about 21% of the ventilation needs resulting from the average number of persons staying in the classroom. In the latter case, on average, about 230 m3 of air is missing to meet the applicable ventilation requirements, depending on the cubature of the room (air change rate) and around 400 m3 of air is missing to meet the applicable ventilation requirements depending on the number of people staying in the classroom (volume of air per person). Without installing additional vents in the rooms, or better yet, installing mechanical ventilation with heat recovery, meeting the ventilation norm requirements will be impossible.



Modernization of buildings, including education buildings, taking place in Poland and other countries that have to reduce the heat loss from the heated rooms typically includes improving the insulation of the building envelope, replacement of draughty windows and modernization of the heating system. Modernization of the ventilation system is often forgotten or ignored for economic reasons. It should be remembered that the ventilation and heat recovery system will play an increasingly important role in improving the energy efficiency of buildings. In the case of natural ventilation, conversion to another more effective mechanical ventilation system with heat recovery, able to properly function after replacing the old windows with new airtight windows, should be considered. Despite the existing legal and technical regulations this kind of practice still exists and affects the deterioration of the occupant’s comfort.
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Figure 1. Values of the Aw/Au indicator in education buildings. 
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Figure 2. Values of the Aw/Af indicator (ratio of windows area to the façades area) in education buildings. 
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Figure 3. Share of the area of windows facing the directions from the south SAw all the way to the west WAw in the area of all windows Aw in education buildings. 
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Figure 4. Relations between the area of a typical window Atw and perimeter of a typical window Ptw in education buildings. 
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Figure 5. Relations between the area of a typical window Atw and perimeter of opening sashes of a typical window Pstw in education buildings. 
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Figure 6. Relations between the perimeter of a typical window Ptw and perimeter of opening sashes of a typical window Pstw in education buildings. 
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Figure 7. Relations between the area of a typical window Atw and the ratio of the perimeter of a typical window Ptw to the area of a typical window Atw in education buildings. 
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Figure 8. Standardized demand for outdoor air in natural ventilation of average classrooms in the analysed education buildings. 
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Figure 9. The quantity of air flowing into the classroom from the outside through draughty windows in bad technical condition a = 4.5 m3/(m h daPa2/3), corresponding to q100KL = 20.8872 m3/(h·m). 
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Figure 10. The quantity of air flowing into the classroom from the outside through draughty windows in very bad technical condition a = 7.0 m3/(m h daPa2/3), corresponding to q100KL = 32.4912 m3/(h·m). 
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Figure 11. The quantity of air flowing into the classroom from the outside through new windows that meet the technical requirements-a = 0.6 m3/(m h daPa2/3), corresponding to q100KL = 2.7848 m3/(h·m). 






Figure 11. The quantity of air flowing into the classroom from the outside through new windows that meet the technical requirements-a = 0.6 m3/(m h daPa2/3), corresponding to q100KL = 2.7848 m3/(h·m).



[image: Energies 14 07537 g011]







[image: Energies 14 07537 g012 550] 





Figure 12. The quantity of air flowing into the classroom from the outside through new windows that meet the technical requirements-a = 1.0 m3/(m h daPa2/3), corresponding to q100KL = 4.6416 m3/(h·m). 
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Figure 13. The quantity of air flowing into the classroom from the outside through the windows with different rates of outdoor air leakage a, in m3/(m h daPa2/3) and their corresponding outdoor air permeability q100KL in m3/(h·m) for Δp = 7 Pa. 
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Figure 14. Coverage of the demand for sufficient (with respect to the requirements) quantity of air flowing into the classroom from the outside through the windows with different rates of outdoor air leakage a, in m3/(m h daPa2/3) and their corresponding q100KL in m3/(h·m) for Δp = 7 Pa. 
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Figure 15. The quantity of air flowing into the classroom from the outside through the windows with different rates of outdoor air leakage a, in m3/(m h daPa2/3) and their corresponding outdoor air permeability q100KL in m3/(h·m) for Δp = 10 Pa. 
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Figure 16. Coverage of the demand for sufficient (with respect to the requirements) quantity of air flowing into the classroom from the outside through the windows with different rates of outdoor air leakage a, in m3/(m·h·daPa2/3) and their corresponding outdoor air permeability q100KL in m3/(h·m) for Δp = 10 Pa. 
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Table 1. Selected measures of statistical description for the values characterising 50 education buildings.






Table 1. Selected measures of statistical description for the values characterising 50 education buildings.





	
Value (x)

	
Selected Measures of Statistical Description




	
Average Value

	
Standard Deviation

	
Limits of Typicality

	
Coefficient of Variation

	
Skewness




	
xav

	
s(x)

	
xtyp

	
Vk(x) [%]

	
S(x)






	
Volume of the building, V [m3]

	
14,682.37

	
9674.55

	
5007.82–24,356.92

	
65.89

	
1.53




	
Usable area of a building, Pu [m2]

	
3194.09

	
2161.41

	
1032.67–5355.50

	
67.67

	
1.54




	
Number of classrooms, Nc

	
21

	
12

	
9–33

	
58.48

	
1.68




	
Ratio of the area of external envelope to cubic capacity, Aep/V [m1]

	
0.40

	
0.09

	
0.31–0.50

	
23.43

	
1.13




	
Thermal power, q [kW]

	
323.38

	
235.15

	
88.23–558.54

	
72.72

	
1.71




	
q/V indicator, [W/(m3y)]

	
21.93

	
5.11

	
16.81–27.04

	
23.32

	
−0.11




	
Heat consumption,

Q [GJ/y]

	
1996.52

	
1266.14

	
730.38–3262.66

	
63.42

	
1.07




	
Q/V indicator, [GJ/(m3y)]

	
138.36

	
39.26

	
99.10–177.62

	
28.37

	
1.34
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Table 2. Selected measures of statistical description for the values characterizing classrooms in 50 education buildings.
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Value (x)

	
Selected Measures of Statistical Description




	
Average Value

	
Standard Deviation

	
Limits of Typicality

	
Coefficient of Variation

	
Skewness




	
xav

	
s(x)

	
xtyp

	
Vk(x) [%]

	
S(x)






	
Volume of the building, V [m3]

	
14,682.37

	
9674.55

	
5007.82–24,356.92

	
65.89

	
1.53




	
Usable area of building, Pu [m2]

	
3194.09

	
2161.41

	
1032.67–5355.50

	
67.67

	
1.54




	
Number of classrooms, Nc

	
21

	
12

	
9–33

	
58.48

	
1.68




	
Usable area of classroom, Ac [m2]

	
50.44

	
8.12

	
42.32–58.56

	
16.10

	
0.02




	
Number of students in classroom, Nsc

	
29

	
9

	
22–40

	
29.62

	
2.02




	
Usable area of classroom per student,

Acs = (Ac/Nsc) [m2]

	
1.58

	
0.41

	
1.28–2.11

	
24.38

	
0.21
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Table 3. Selected measures of statistical description for the values characterising windows in 50 education buildings.
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Value (x)

	
Selected Measures of Statistical Description




	
Average Value

	
Standard Deviation

	
Limits of Typicality

	
Coefficient of Variation

	
Skewness




	
xav

	
s(x)

	
xtyp

	
Vk(x) [%]

	
S(x)






	
Ratio of the windows area to the façades area, Aw/Af

	
0.24

	
0.05

	
0.19–0.30

	
21.73

	
−0.11




	
Ratio of the windows area to usable area, Aw/Au

	
0.20

	
0.06

	
0.15–0.26

	
27.43

	
0.07




	
Area of a typical window, Atw [m2]

	
4.49

	
2.73

	
3.84–5.28

	
68.88

	
4.12




	
Perimeter of a typical window, Ptw [m]

	
8.38

	
2.34

	
6.04–10.72

	
27.98

	
3.16




	
Perimeter of a opening sashes in a typical window, Pstw [m]

	
19.74

	
9.76

	
9.98–29.51

	
49.46

	
2.88




	
Ratio of the perimeter of a typical window Ptw to the area of a typical window, Atw Ptw/Atw [m−1]

	
2.06

	
0.40

	
1.67–2.46

	
19.18

	
0.04




	
Ratio of the perimeter of a opening sashes of a typical window to the area of a typical window, Pstw/Atw [m−1]

	
4.56

	
0.72

	
3.84–5.28

	
15.80

	
−0.32
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Table 4. Approximate values of the rate of outdoor air leakage through leaks [59].
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Construction Element

	
Type of Sealing,

Level of Wear

	
Leakage Rate

a [m3/(m·h·daPa2/3)]

	
Air Permeability Rate

q100KL [m3/(m·h)]






	
Windows, glazed balcony door or entrance door

	
Slide, sealed

	
0.2–0.3

	
0.9283–1.3925




	
Frequently opened, sealed

	
0.3–0.6

	
1.3925–2.7848




	
With minimum sealing, damaged, no sealing

	
above

1.1–3.5

	
above

5.1058–16.2456
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