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Abstract

:

Most of the school buildings in Italy are high energy-demanding buildings with no ad-hoc ventilation systems (i.e., naturally-ventilated buildings). Therefore, reducing the heat losses of schools represent the main aspect to be dealt with. Nonetheless, the indoor air quality of the building should be simultaneously considered. Indeed, to date, energy consumptions and air quality are considered as incompatible aspects especially in naturally-ventilated buildings. The aim of the present paper is to evaluate the effect of different ventilation and airing strategies on both indoor air quality and energy consumptions in high energy-demanding naturally-ventilated classrooms. To this purpose, an Italian test-classroom, characterized in terms of air permeability and thermophysical parameters of the envelope, was investigated by means of experimental analyses and simulations through CO2 mass balance equation during the heating season. The air quality was assessed in terms of indoor CO2 concentrations whereas the energy consumptions were evaluated through the asset rating approach. Results clearly report that not adequate indoor CO2 concentrations are measured in the classroom for free-running ventilation scenarios even in low densely populated conditions (2.2 m2 person−1), whereas scheduled airing procedures can reduce the indoor CO2 levels at the cost of higher energy need for ventilation. In particular, when airing periods leading to the air exchange rate required by standards are adopted, the CO2 concentration can decrease to values lower than 1000 ppm, but the ventilation losses increase up to 36% of the overall energy need for space heating of the classroom. On the contrary, when the same air exchange rate is applied through mechanical ventilation systems equipped with heat recovery units, the ventilation energy loss contribution decreases to 5% and the overall energy saving results higher than 30%. Such energy-saving was found even higher for occupancy scenarios characterized by more densely populated conditions of the classroom typically occurring in Italian classrooms.
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1. Introduction


Indoor air quality and energy saving of existing buildings are often considered as incompatible goals [1,2]. Nonetheless, the introduction of the new regulation on the performance of buildings [3], i.e., the introduction of nearly zero energy buildings (NZEBs) as the new building target [4,5], will force the building sector to handle simultaneously the heat losses and the air quality issues, since ventilation approaches not properly designed will likely not fulfill the limitation on energy need for space heating typical of the NZEBs [6,7,8]. Apart from new constructions, the strategic challenge in view of the reduction of the energy consumption of the building sector is the energy retrofit of the existing buildings [9,10,11,12,13]. This is even more important in countries (like Italy) characterized by a huge percentage (roughly 70%) of buildings built before any regulatory indication on building energy efficiency [14,15,16] and then without any carefulness to the ventilation issues.



To date, energy retrofits are usually focused on energy loss reductions without any consideration of the air quality aspects. Indeed, the preferred retrofit solutions are related to the reduction of the transmission losses (double-glazed windows, envelope insulation, etc.) and the improvement of the heating systems (e.g., renewable energy plants such as solar heating collectors, high efficiency boilers, etc.) since important incentives were provided by the Italian and European governments to support such energy saving solutions [17,18]. On the contrary, retrofit solutions that could improve the air quality, i.e., ventilation retrofit to increase the air exchange rate of indoor environments, are less frequently adopted as they are often considered as energy-consuming methods. This is mainly due to the inaccurate approach often adopted to compare different solutions (e.g., pre-/post-retrofit) not considering the same indoor air quality targets.



The indoor air quality is currently condensed by the regulatory authorities in a single parameter: the CO2 concentration [19]. The CO2 is directly emitted by persons [20] and, then, it is considered as a proxy for the air quality of not adequately ventilated environments since it is strictly related to the amount of fresh air entering the room via building leakages, airing, or ad-hoc ventilation systems. Therefore, it is a good parameter to describe the behavior of all the indoor-generated gaseous compounds and pollutants, such as relative humidity, radon and volatile organic compounds (VOCs) [21,22,23]. On the contrary, the CO2 cannot be considered representative of other pollutants such as outdoor-generated gaseous and particle-phase compounds (e.g., ultrafine particles, NOx, heavy metals, polycyclic aromatic hydrocarbons mainly emitted by outdoor sources), and indoor-generated particles (e.g., PM10 due to resuspension phenomena and chalk use in schools, or ultrafine particles emitted by indoor combustion sources) due to their different dynamics and origins [24,25,26,27,28,29,30,31,32,33,34,35,36,37]. The current technical standards mostly impose air exchange rates for the different building use in order to maintain the CO2 concentrations below certain levels [19]. Such air exchange rates are evaluated considering ideal/regulated crowding indexes of the indoor microenvironments, then they are simply calculated on the basis of generic parameters such as the floor area of the room.



Within the building sector, educational buildings (schools, universities [38]) represent a high percentage of existing buildings in Italy (roughly 50% of the total floor area) then leading to a significant contribution to the national energy consumption. Indeed, the energy need of schools is mostly related to the heating during cold seasons (besides the hot water production) [39], and it was detected that 85% of the Italian school buildings are high energy-demanding buildings as they fall within the three lowest energy performance classes [40]. Nonetheless, even if the air-tightness of the Italian schools is not always adequate, high indoor CO2 concentrations were detected in classrooms, then showing not sufficient air exchange rates with respect to the CO2 emission sources (i.e., children) [29,41,42,43]. This is mainly due to the ventilation strategy typically used in schools, in fact, less than 2% of the Italian schools are equipped with ventilation systems (mechanical ventilation systems or “all-air” heating systems) able to guarantee the minimum ventilation rates required by the standards (http://dati.istruzione.it/opendata/approfondimenti/statistiche). This issue is even more important in overcrowded classrooms characterized by occupant densities [43] higher than those imposed by European standards and national regulations [19,44]. Nonetheless, even though the ventilation methods adopted in schools can play a significant role to handle simultaneously the energy consumption and indoor air quality issues [45], few data on the combined effect of the ventilation approach on both indoor air quality and energy saving are available so far.



In the present study, the effect of different ventilation strategies on indoor air quality (expressed as indoor CO2 concentrations) and energy consumption in high energy-demanding naturally-ventilated schools were investigated. To this end, experimental analyses and simulations through a CO2 mass balance equation were carried out on a test-classroom completely characterized in terms of air permeability and thermophysical parameters of the envelope. Moreover, the improvement reachable through mechanical ventilation methods in terms of energy saving and indoor air quality for different occupancy densities of the classroom was investigated. The findings of the paper could support the regulatory bodies in introducing strategic policies improving the indoor air quality in schools and obtaining, simultaneously, a significant energy saving.




2. Materials and Methods


2.1. Sampling Site


The test-classroom investigated is an 11.4 m × 5.4 m × 2.9 m naturally-ventilated room (floor surface 61.6 m2, volume 178.5 m3) of a primary school placed in Cassino (Central Italy) and built in the 1980s (Figure 1). The school (two-story building) is located in the urban area of the city. The test-classroom is placed at ground floor and it is roofed by a terrace. It has two single-glazed aluminum inward opening doors on the longest walls of the classroom: one (2.7 × 2.6 m) facing east and the other one (5.4 × 2.6 m) facing west. The east wall of the test-classroom is partly adjacent to another (heated) classroom, the west and south walls face outdoors, whereas the south wall faces the main corridor of the school (Figure 2).



The stratigraphy and thermophysical parameters of the building envelope opaque components are summarized in Table 1. The thermal transmittance values here reported (U, expressed in Wm−2 K−1) were evaluated on the basis of the methodology described in the EN ISO 52016-1 standard [46]. The stratigraphy of the building represents the typical stratigraphy adopted in Central/South of Italy before energy saving regulations, indeed no insulation layers were used and the thermal transmittances were two, three times larger than the minimum values suggested by the current regulation [47] to guarantee reduced energy consumptions. Such stratigraphy, along with the lack of ad-hoc ventilation approaches, allows us to consider the building as a typical (not-retrofitted) high energy-demanding Italian school building. A not negligible shading effect on the classroom due to the presence of close trees and buildings was also recognized (Figure 1) and considered in the classroom heat balance hereinafter reported.




2.2. Characterization of the Air Permeability of the Test-Classroom: Pressurization and Tracer Gas Decay Tests


The characterization in terms of air permeability of the test-classroom was performed through two different methods: the room pressurization test [48] and the tracer gas decay test [49]. The pressurization test, specifically Blower-Door Test (BDT), was performed to characterize the test-classroom in terms of airtightness. In particular, the BDT is performed through a mechanical fan pressurization and/or depressurization of the room in order to provide the ventilation rates through the classroom envelope (qenv, m3 h−1) under a fixed indoor-outdoor pressure difference (Δp), which is higher than the natural pressure differences (ISO 9972; [48]). The pressure-flow relationship for the BDT is calculated as:


qenv=Cenv·Δpm,



(1)




where m and Cenv are the air pressure exponent and the flow coefficient, respectively, estimated by means of a simple linear regression as reported in the ISO 9972 standard [48] and applied in our previous papers [50,51]. Equation (1) allows to calculate the air leakage rate, q50, at a reference pressure difference of 50 Pa: then, the air exchange rate at 50 Pa (n50) is obtained dividing the q50 by the room volume. The test-classroom was characterized performing both pressurization and depressurization BDTs according to the fan pressurization Method 1 (“test of a building in use”) reported in the ISO 9972 standard [48]. This method allowed to perform measurements under the real condition of the classroom envelope then not sealing/fixing intentional opening.



The experimental apparatus used to perform blower-door tests includes: (i) an airproof fan at calibrated flow rates fitted to the door by means of an extensible frame allowing the measurement of pressure differences (positive and negative); (ii) a flow rate regulation system producing indoor-outdoor pressure differences by varying the fan speed; (iii) two primary elements for the flow rate measurement; (iv) a digital micromanometer with an uncertainty of about 1 Pa, to measure the pressure difference both indoor/outdoor and up/downstream to the primary element (in order to calculate the flow rate); (v) a thermo-hygrometer for air temperature and humidity measurements, to correct flow rates at standard conditions. Further details on the BDT methodology are reported in our previous papers [50,52,53].



Along with BDT, tracer gas decay tests (ISO 12569:2017 [49]) were also performed in the classroom to characterize the air permeability under the actual climatic conditions (e.g., wind speed and direction, outside-inside temperature and pressure difference). In particular, the air exchange rate was calculated for two different ventilation conditions: windows open (ndecay_open) and windows closed (ndecay_close). Tests with windows open were performed just using the east-facing window: in particular, one 0.90 × 2.6 m openable shutter was used, whereas the other shutters were kept closed as well as the window facing the west side as shown in Figure 2.



The air exchange rates were evaluated measuring the CO2 concentration decay in the classroom as soon as the students left the classrooms for about 1 h. The CO2 probe was placed on a 0.8 m tall desk above the ground, away from blackboard and in the proximity of the student seating area. Data were post-processed considering 1-min average values. Ten measurements were performed with doors and windows closed in order to evaluate the air exchange rate of the classroom due to the room leakages solely (ndecay_close), and 10 measurements were carried out with windows open to evaluate the air exchange rate due to the window manual airing (ndecay_open), as also applied in previous papers [54,55,56,57]. The authors highlight that measuring the CO2 decay after school activities guarantee high and homogeneous CO2 concentrations inside the room. CO2 concentration measurements were performed through a non-dispersive infrared analyzer (Testo ambient CO2 probe; concentration range: 0–10,000 ppm) with 1 s time resolution. Since CO2 concentration in the room is uniform and no chemical reactions between the gas and other chemicals are expected, the air exchange rate of the room was determined according to the exponential decay equation [58]:


n=1Δt·lnCO2−peak−CO2−outCO2−final−CO2−out, (h−1)



(2)




where CO2-peak, CO2-final and CO2-out represent the peak, final and outdoor CO2 concentrations and Δt the time interval between CO2-peak and CO2-final. Outdoor CO2 concentrations were measured before and after the decay test through a non-dispersive infrared sensor (TSI Model 7515 IAQ-CALCTM; concentration range: 0–5000 ppm) with 1 s time resolution: CO2-out here used represents the average value.




2.3. Measurements and Estimates of Indoor Air Quality Under Different Ventilation Scenarios


The indoor air quality was evaluated during the heating season measuring or simulating the indoor CO2 concentrations in the test-classroom under different ventilation scenarios: free-running ventilation (FRV) conditions and scheduled manual airing (MA) strategies were investigated through experimental analyses; whereas natural ventilation, scheduled manual airing with ventilation rates established by the current standard [19], and mechanical ventilation with ventilation rates established by the current standard [19] were simulated through CO2 mass balance equation. All these scenarios were tested for a crowding index of 2.2 m2 person−1 that is the actual occupancy density of the investigated test-classroom as hereinafter detailed. Further simulations of manual airing and mechanical ventilation with ventilation rates established by the current standard [19] were also carried out for more densely populated conditions as summarized in Section 2.3.3. A summary of the ventilation scenarios tested through direct measurements as well as through simulations is reported in Table 2.



2.3.1. Measurements of Ventilation Scenarios


Free-running ventilation (FRV) tests were performed to measure the CO2 concentration levels of the school-time periods (08:30–13.00) in the test-classroom. Five FRV tests were performed in the period November 2014–March 2015 as summarized in Table 2. During the FRV tests, teachers/students were left free to open the windows according to their perception of the indoor air quality: no specific airing procedures through window opening were imposed, nonetheless, teachers were asked to use the door just to allow people entering and exiting the classroom (not for airing purposes). A questionnaire reporting window/door opening periods, classroom empty periods (e.g., recreational activities performed in other rooms) and the number of people/students in the room was filled out by the teachers. During the measurement period, classrooms were occupied by 26–27 children (and one or two teachers), i.e., a living area per student/teacher of about 2.2 m2 person−1. Therefore, the five FRV tests were carried out with the same crowding index and the same airing approach (i.e., not imposing scheduled airing procedures), thus, the CO2 concentration trends measured during the five tests are representatives of the typical indoor air quality conditions that can be met for free-running classrooms [29,41,53].



Manual airing (MA) tests of the indoor air quality in the test-classroom were performed on February–March 2016 by imposing scheduled airing procedures during the school-time period. Three different manual airing tests were performed opening the window for 10, 15 or 20 min every hour, respectively (referred in Table 2 as MA 1-MA 3). In particular, the airing was performed between two consecutive class hours (e.g., 20 min opening periods were roughly applied between 9.20 and 9.40, 10.20 and 10.40, etc.). The test-classroom was characterized by a crowding index of about 2.2 m2 person−1 (25–27 children, plus one or two teachers). During the airing tests the window facing the west side was locked, therefore, the air exchange rate relied upon the opening periods of the east-facing window (once again considering one 0.90 × 2.6 m openable shutter). In order to monitor scheduled or additional window and door openings, both on the door and on the east-facing window four wired thermoplastic magnetic contacts connected to a multimeter were installed to detect opening and closing periods of window/door with 1 s time resolution. The airing procedure was done by the teachers, they were asked to open the shutter wide, whereas the door was not used for airing purpose but just to allow people entering and exiting the classroom (just quick openings). Nonetheless, the imposed scheduled opening periods were also checked a posteriori analyzing the magnetic contact data stored by the multimeter.



Measurements of CO2 concentrations during FVR and MA tests were performed placing the probe on a 0.8 m tall desk above the ground, away from blackboard and in the proximity of the student seating area. Data were post-processed considering 1 min average values.



An estimate of the overall school-time air exchange rate during free-running ventilation tests and airing tests was carried out calculating a weighted average of the air exchange rates typical of window close configuration (ndecay_close) and window open configuration (ndecay_open) as:


n=(ndecay_close·tdecay_close+ndecay_open·tdecay_open)/(tdecayclose+tdecayopen), (h−1)



(3)




where tdecay_close and tdecay_open represent the total time during which the windows were kept closed and open, respectively (the sum of tdecay_close and tdecay_open is the overall school time, 8.30–13.00, i.e., 270 min). The authors point out that the tdecay_close and tdecay_open for free-running ventilation tests were not measured but they were reported on the basis of the questionnaires/reports filled out by the teachers; therefore, they just represent indicative data.




2.3.2. Simulations of Ventilation Scenarios


Besides the ventilation methods investigated through the abovementioned experimental analyses, further ventilation scenarios were examined by applying a CO2 mass balance equation [58]. Indeed, CO2 trends in the classroom were calculated considering the CO2 generation rates of the children/teacher reported in Persily and de Jonge [20]. Such generation rates were estimated as average values between 1 and 1.2 met for males and females. A nominal occupancy of 28 persons (e.g., 27 students, 1 teacher), i.e., a crowding index of 2.2 m2 person−1, was considered in the calculation; moreover, a constant background CO2 concentration value of 500 ppm was adopted for all the simulated ventilation scenarios. In particular, the following ventilation scenarios were calculated: natural ventilation of the classroom with windows and doors closed during the entire school time (ventilation just relying on leakages of the building envelope; NV test), manual airing of the classroom to guarantee the EN 15251 minimum ventilation rate (MA EN 1 test); constant air volume mechanical ventilation of the classroom to guarantee the EN 15251 minimum ventilation rate (MV EN 1 test). The minimum required ventilation according to the current standards was determined on the basis of the EN 15251 [19] considering the method based on ventilation rate per person. In particular, the building category III in terms of required indoor air quality was considered (it represents the value suggested for existing buildings): thus, the air exchange rate value was evaluated adopting the suggested airflow per person of 4 Ls−1 person−1 and the airflow for building emission of 0.4 Ls−1m−2 (value suggested for low polluting buildings). The resulting air exchange rate was 2.76 h−1 (i.e., 4.88 Ls−1 person−1). The manual airing (MA EN 1 test) was simulated considering four opening periods between the end of an hour and the start of the next one as also adopted during the manual airing experimental tests (MA 1-MA 3).



In order to simulate the CO2 concentration trend characteristic of the constant air volume mechanical ventilation (MV EN 1 test), a fixed air exchange rate of 2.76 h−1 was considered during the entire school period. On the contrary, the CO2 concentration trend of the MA EN 1 scenario was obtained on the basis of the weighted average of the air exchange rates typical of median values of window close (ndecay_close) and window open configurations (ndecay_open).



In order to validate the CO2 mass balance equation approach, a comparison amongst the experimental and the simulated CO2 concentrations for the scenario MA 2 was performed. In particular, in order to simulate the CO2 concentration, the actual number of students present in the classroom on that specific day was considered and the actual opening and closing window periods as measured through the magnetic contacts were applied.




2.3.3. Effect of the Crowding Index


The experimental analyses (tests FRV 1, FRV 2, FRV 3, FRV 4, FRV 5, MA 1, MA 2, MA 3; Section 2.3.1) and the simulations (tests NV, MA EN 1, MV EN 1; Section 2.3.2) adopted to investigate the different ventilation scenarios in the test-classroom were carried out considering the actual crowding index of the classroom, i.e., a living area per student of 2.2 m2 person−1. Such crowding index is quite high with respect to the typical values recognized and/or imposed in classrooms [43]. Therefore, in order to analyze the possible effect of the crowding index on the air quality and the energy need, further analyses of the CO2 concentration trends and required air exchange rate in the classroom were performed considering higher occupant densities: 2 m2 person−1 (crowding index indicated by the European Committee for Standardization [19]), 1.8 m2 person−1 (crowding index imposed by the current Italian legislation for primary schools [44]), 1.6 m2 person−1 (here considered as representative of overcrowded classrooms).



The crowding index effect was analyzed considering the following ventilation scenarios: (a) manual airing required by the EN 15251 (MA EN 2 to MA EN 4 of Table 2), and (b) constant air volume mechanical ventilation required by the EN 15251 (MV EN 2 to MV EN 4 of Table 2). CO2 trends were calculated on the basis of a CO2 mass balance equation for both the ventilation scenarios considering the simulation hypotheses described in Section 2.3. In particular, a higher number of occupants leads to higher required ventilation rates as suggested by the EN 15251 standard [19] (method based on ventilation rate per person). Indeed, required air exchange rates of 3.00, 3.24, 3.57 h−1 are needed for 2.0 (tests MA EN 2 and MV EN 2), 1.8 (tests MA EN 3 and MV EN 3), and 1.6 m2 person−1 (tests MA EN 4 and MV EN 4) crowding indexes, respectively. The simulations of the CO2 trends corresponding to the mechanical ventilation scenarios were performed just adopting the abovementioned constant air exchange rates for the entire school period. On the contrary, the CO2 trends corresponding to the manual airing scenarios were performed applying Equation (1) (i.e., weighted average of the air exchange rates typical of window close and open configurations). Once again, the opening procedures were performed between two consecutive class hours.





2.4. Energy Need for Heating


The energy needs for space heating of the test-classroom was performed applying a steady-state heat balance on the basis of the EN ISO 52016-1:2017 standard [46] adopting the asset rating method and monthly calculation procedure [59,60] and standard values for climate data (monthly averaged outdoor temperatures and a 20 °C set point for the indoor temperature) [61]. The energy need for space heating (QH,nd) was calculated applying the energy balance reported in the EN ISO 52016-1:2017 standard [46] which takes into account for transmission (QH,tr) and ventilation (QH,ve) heat transfers as well as internal (Qint) and solar (Qsol) total heat gains:


QH,nd=QH,tr+QH,ve−ηH,gn(Qint+Qsol).



(4)







Here the term ηH,gn represents the dimensionless utilization factor of internal and solar heat gains. Qint, Qsol, and ηH,gn were evaluated according to the standard [46] considering the actual occupancy of the room equal to 28 persons (27 students, 1 teacher) and taking into account for the site-specific shading effects.



The transmission heat transfer QH,tr involves the heat losses through the building envelope including walls facing outdoor or adjacent unconditioned rooms, windows, thermal bridges, floor and roof. For the sake of brevity, here is just reported the general equation to calculate QH,tr (EN ISO 52016-1:2017 standard [46]):


QH,tr=∑iHtr,adj(θint,set,H−θe,i)ti, (MJ)



(5)




where Htr,adj is the overall heat transfer coefficient by transmission (WK−1) of the classroom, θint,set,H is the indoor set-point temperature of the for heating (°C), θe is the temperature of the external environment of the i-th month of the heating season (°C), and t is the duration of the calculation step (s).



The ventilation heat transfer (QH,ve) is evaluated as:


QH,ve=∑iHve,adj(θint,set,H−θe,i)ti=∑iV·n·ρa·ca(θint,set,H−θe,i)ti, (MJ)



(6)




where V is the room volume, cp is the specific heat capacity at constant pressure (1.01 kJkg−1K−1), ρ is the air density (calculated at 20 °C, 1.2 kgm−3), and n is the air exchange rate. Different air exchange rate values were considered on the basis of the different ventilation scenarios tested (Table 2), therefore different ventilation heat losses were evaluated as a function of the ventilation scenarios.





3. Results


3.1. Pressurization and Tracer Gas Decay Test Results


The air exchange rates at 50 Pa (n50, h−1) measured in the test-classroom investigated resulted equal to 3.76 h−1: such n50 represents the average between the values obtained for depressurization and pressurization. In particular, the pressurization and depressurization n50 values were measured equal to 2.97 e 4.55 h−1, respectively. The higher depressurization value is typical of rooms with inward-opening windows characterized by poor quality and poor sealing of the openings as recognized in previous papers for elder buildings/windows [50,52].



The median air exchange rates obtained through the tracer gas decay tests resulted equal to 0.22 h−1 (range of 0.18–0.26 h−1) and 3.77 h−1 (range of 2.99–4.88 h−1) for windows closed (ndecay_close) and windows open (ndecay_open), respectively. Such ndecay_close values are similar to the air exchange rate data measured with windows closed in Italian classrooms [29] as well as similar ndecay_open were measured by Wallace, Emmerich and Howard-Reed [57] in their tests performed with windows open.



On the basis of the pressurization and tracer gas test results, the median ratio between the BDT n50 value and the natural air exchange rate with windows closed (ndecay_close) was calculated: it is equal to 17 (range of 14–21), thus, within the empirical conversion factor range found in the scientific literature (10–30 [62]) and quite similar to the value (20) typically suggested by the scientific literature when no natural air exchange rate data are available [63,64]. The authors point out that such wide range of the conversion factor recognized in the research studies is due to the several boundary conditions (e.g., age of the building, frame and other openings, ventilation systems, meteo-climatic conditions) affecting the natural air exchange rate of buildings.




3.2. CO2 Concentrations for Different Ventilation Scenarios


In Figure 3, trends of CO2 concentrations measured during the free-running ventilation (FRV) tests are reported. The CO2 concentration in the classroom at 08:30 is similar to the outdoor one (roughly 500 ppm), then it exponentially raises due to the emission of the students/teachers themselves. CO2 levels are then partially reduced when windows are opened, indeed a CO2 decay is clearly recognizable. The authors, once again, point out that teachers/students were not asked to open the windows according to a specific procedure, on the contrary they opened the windows on the basis of their perception of the indoor air quality. Therefore, different CO2 trends were measured due to the different airing periods applied in those specific days. As an example, as resulted from the questionnaire filled out by the teacher, during the free-running ventilation test 1 (FRV 1), the window was opened just during the break; indeed a 16 min CO2 decay was detected during that day. On the other days, the teachers adopted slightly different strategies, e.g., windows opening periods longer than the school-break, short window opening periods before or after the school break etc. According to the questionnaires filled out by the teachers, the total window opening period of the five free-running ventilation tests were equal to 16, 25, 29, 31 and 50 min, respectively. Therefore, applying Equation (1), i.e., weighted average of the air exchange rates, and considering the median air exchange rates typical of window close (ndecay_close = 0.22 h−1) and open configuration (ndecay_open = 3.76 h−1), the median air exchange rates of the free-running ventilation tests were estimated equal to 0.43, 0.55, 0.60, 0.63, and 0.88 h−1, respectively. As expected, when longer opening periods were adopted, lower CO2 concentrations were measured, in fact, median CO2 values corresponding to the five free-running ventilation tests were equal to 2078, 2044, 1777, 2272, and 1859 ppm, respectively (Table 3 and Figure 4). Nonetheless, due to the wide CO2 data range of the FRV tests, CO2 levels measured during free-running ventilation tests resulted statistically similar (p < 0.01) as obtained from the Kruskal-Wallis rank test. In particular, all the FRV tests resulted in CO2 concentrations significantly higher than the commonly accepted value of 1000 ppm as also recognized in several naturally ventilated schools worldwide [65,66,67,68,69].



In Figure 5 the CO2 concentrations trends measured during the manual airing (MA) tests are shown. Once again, starting from roughly 500 ppm, the CO2 concentrations exponentially increased up to the window opening period. The trends clearly show the cyclical opening and closing periods typical of the scheduled airing strategy. The median CO2 concentrations measured during the airing tests, reported in Table 3 and Figure 4, are equal to 1482, 1310, and 1085 ppm for airing periods of 10 (test MA 1), 15 (test MA 2), and 20 min h−1 (test MA 3), respectively. The Kruskal-Wallis rank test applied to the four CO2 trends confirmed that the CO2 levels measured applying the three different airing procedures resulted statistically different (p < 0.01) amongst them as well as with respect to the free-running ventilation tests, then demonstrating that a properly scheduled manual airing procedure can positively affect the CO2 levels in classroom. Nonetheless, such improvement of the indoor air quality related to CO2 levels lead to higher energy consumptions (as hereinafter reported) and not predictable effects on other pollutants typically present in schools (e.g., ultrafine particles, PM10, PM2.5, NOx, radon, VOCs, etc.) [24,25,26,27,28,30,43,70,71,72,73].



As described in the methodology section, besides the experimental analyses, further ventilation scenarios were tested applying a CO2 mass balance equation on the test-classroom. In order to check the suitability of such simulated data, a validation of the simulation approach was performed applying it to the experimental test MA 2 (manual airing with scheduled window openings of 15 min every hour). The goodness of fit obtained through the simulated data is shown in Figure 6 were the measured (experimental) and simulated CO2 data are reported both as trends and box-plots. The figure clearly shows that the results of the simulation through a CO2 mass balance equation are comparable to the experimental data.



In Figure 5 the CO2 concentrations trends estimated through a mass balance equation for the following ventilation scenarios are also reported: i) natural ventilation (n = 0.22 h−1; NV), ii) mechanical ventilation with n = 2.76 h−1 (MV EN 1), iii) manual airing with n = 2.76 h−1 (MA EN 1). If the classroom was run with windows (and doors) kept closed during school-time (NV test), the low air exchange rate value would result in a very high CO2 concentration, with a median value of roughly 2800 ppm (Table 3 and Figure 4) and a peak higher than 4000 ppm. On the contrary, a constant air volume mechanical ventilation at n = 2.76 h−1 would guarantee low CO2 concentrations (median value lower than 1000 ppm likely due to the low densely populated condition of the classroom) and a constant level (plateau) after roughly one hour from the school starting time up to the school end. Concerning the hypothetical manual airing test at n = 2.76 h−1 (MA EN 1), to obtain such an air exchange rate value (considering the median ndecay_close and ndecay_open values), a total window opening period of roughly 190 min out of 270 min was needed. The median CO2 concentration resulted lower than 1000 ppm (once again due to the high crowding index) with a box-plot slightly wider than the mechanical ventilation one due to the presence of short exponential CO2 increases and decays, typical of the alternating window opening and closing periods. The Kruskal-Wallis rank test applied to the CO2 concentration estimated for mechanical ventilation test (MV EN 1) and manual airing test at n = 2.76 h−1 (MA EN 1) revealed that such concentrations were statistically similar (p < 0.01).



Effect of the Crowding Index on CO2 Concentrations


The data discussed above are characteristics of the actual crowding index of the classroom (2.2 m2 person−1) which is quite high with respect to the default occupant densities indicated by the European Committee for Standardization [19] (2 m2 person−1) and by the current Italian legislation (1.8 m2 person−1, [44]). In order to show the effect of the crowding index on the indoor air quality, in Figure 7 and Table 4 the CO2 concentrations calculated for mechanical ventilation and manual airing scenarios are reported as a function of the crowding indexes (2.2, 2.0, 1.8, and 1.6 m2 person−1) and the corresponding air exchange rates (2.76, 3.00, 3.24, and 3.57 h−1) reported in Section 2.3.3. In order to guarantee higher air exchange rates, longer manual airing periods are required; nonetheless, the effect of such alternating window opening and closing periods leads to higher CO2 median concentrations for more crowded scenarios (912, 959, 1033, and 1141 ppm for 2.2, 2.0, 1.8, and 1.6 m2 person−1, respectively): such values resulted statistically different amongst them (Kruskal-Wallis rank test, p < 0.01). The difference in terms of median CO2 concentrations between manual airing and mechanical ventilation resulted statistically not different (Kruskal-Wallis rank test, p < 0.01) for crowding index equal or higher than 2.0 m2 person−1, whereas for crowded scenarios of 1.8, and 1.6 m2 person−1 reductions of median CO2 levels for mechanical ventilation scenarios with respect manual airing scenarios were equal to 4% and 13%, respectively, when the same air exchange rate is adopted (Table 4). Therefore, as expected, the simplified approach to determine the air exchange rate suggested by the current standard (e.g., method based on ventilation rate per person), might result in CO2 median concentrations higher than 1000 ppm for overcrowded classrooms.





3.3. Energy Need for Different Ventilation Scenarios


In Table 3 the energy consumptions of the test-classroom evaluated through the asset rating method, described in Section 2.4, are reported. Ventilation heat losses (QH,ve) are strictly related to the air exchange ratios, indeed, for free-running ventilation tests, the losses increased from 3.51 × 103 MJ (FRV 1, n = 0.43 h−1) to 7.18 × 103 MJ (test FRV 5, n = 0.88 h−1), i.e., ventilation heat losses from 8% to 15% of the total energy need. As the indoor air quality is improved due to longer airing periods (e.g., manual airing tests, MA 1-MA 3), the ventilation energy losses worsened: ventilation losses for such tests were estimated in the range 6.09–10.4 × 103 MJ (13–21% of the total energy need for space heating). When the required air exchange rate for the test-classroom under investigation (2.76 h−1) is applied through manual airing (MA EN 1 test), the indoor CO2 value decrease to the adequate concentrations, nonetheless, the ventilation heat losses raise up to 22.5 × 103 MJ (36% of the total energy need for space heating), then showing that airing solutions cannot simultaneously handle air quality and energetic issues. In fact, as shown above, the natural ventilation technique (NV test) reduces the flow rate of fresh air entering the room so that the ventilation heat losses decrease up to 1.80 × 103 MJ (n = 0.22 h−1), i.e., 4% of the total energy need for space heating. Nonetheless, as shown in Section 3.2, such ventilation scenario would lead to the highest indoor CO2 level amongst the ventilation scenarios under investigation (Table 3). Therefore, the potential energy saving due to such a scenario is misleading since it is obtained considering a not suitable indoor air quality.



Therefore, as expected, the only solution to improve simultaneously the energy consumption and the indoor air quality is a ventilation retrofit by installing a mechanical ventilation system equipped with a heat recovery unit. Indeed, the hypothesized constant air volume ventilation system with a heat recovery efficiency of 90% (MV EN 1) [13], could guarantee a reduction of the ventilation heat losses down to 2.25 × 103 MJ (7% of the total energy need for space heating). Such QH,ve value is still higher than that typical of natural ventilation, but such scenarios are not comparable since they lead to extremely different indoor air quality. The energy saving of the mechanical ventilation scenario should be evaluated just with respect to the ventilation scenario MA EN 1, i.e., when the same air exchange rate is guaranteed. In this case, with a heat recovery efficiency of 90%, an energy saving of 32% can be obtained.



Effect of the Crowding Index on Energy Need


As regards to the effect of the crowding index on the energy consumption, in Table 4 the percent reduction of energy need for space heating as a function of the crowding indexes is reported. Moving from less (2.2 m2 person−1) to more (1.6 m2 person−1) densely populated conditions a higher ventilation rate is required by the EN 15251: this leads to higher air exchange rates. Therefore, the lower the crowding index, the larger the energy saving that could be obtained with a mechanical ventilation system equipped with a heat recovery unit with respect to airing methods when the same air exchange rate is guaranteed. As an example, for a 1.6 m2 person−1 crowding index, the energy saving of mechanical ventilation almost reaches 38%. This is key information in view of the potential improvement of energy need and air quality in classrooms considering that in some Italian schools crowding index lower than 1 m2 person−1 were recognized [43].






4. Conclusions


In the present paper, the effect of the different ventilation approaches in high energy-demanding naturally-ventilated schools on indoor air quality and energy consumption during the heating season was assessed. To this end, a test-classroom with a 2.2 m2 person−1 crowding index in a school placed in Cassino (Central Italy) was investigated. The classroom was firstly characterized in terms of air permeability performing experimental analyses aimed to characterize the airtightness of the envelope (Blower-Door Test) and the air exchange rates with windows open and closed (CO2 decay tests).



Indoor CO2 concentrations during free-running ventilation tests (window opening period decided by the occupants), scheduled manual airing tests (imposing window opening periods), manual airing and mechanical ventilation with an air exchange rate imposed by the standard (EN 15251) were evaluated through experimental analyses or simulations applying a CO2 mass balance equation. The calculation of the energy need for space heating characteristics of the different ventilation scenarios under investigations was also performed adopting an asset rating method.



The study clearly highlights that, even in a low densely populated condition (2.2 m2 person−1), indoor air quality and energy saving goals cannot be met simultaneously. Indeed, during free-running ventilation tests, i.e., when the occupants adopted manual airing on the basis of their air quality perception, the estimated air exchange rates resulted lower than 1 h−1 (0.43–0.88 h−1), then leading to reduced ventilation heat losses (8–15% of the total energy need) but high median CO2 concentrations (1777–2272 ppm). When scheduled manual airing procedures were applied, the CO2 concentrations resulted statistically lower than free-running ventilation tests (median values of 1482, 1310, and 1085 ppm for airing strategies with window opening periods of 10, 15, and 20 min·h−1, respectively), but a corresponding increase of the ventilation heat loss contribution was also calculated (13–21%) due to the higher air exchange rates (0.75–1.27 h−1). Nonetheless, such air exchange rates resulted still lower than that required by the EN 15251 standard; indeed, when a manual airing strategy guaranteeing such minimum air exchange rate was simulated (2.76 h−1), the median CO2 concentrations resulted lower than 1000 ppm but the heat ventilation losses raised up to 36% of the total energy need. In order to reduce simultaneously the indoor CO2 concentrations and energy consumption, the mechanical ventilation system with a heat recovery unit should be adopted. In that case, when the minimum required air exchange rate by the EN 15251 standard is adopted, the energy need for ventilation dropped to 5% then guaranteeing an overall energy saving with respect to the manual airing strategy higher than 30%. Finally, higher occupancy densities of the classroom were also simulated considering manual airing and mechanical ventilation scenarios. More densely populated conditions imply higher required air exchange rates then leading to longer airing periods for manual airing scenarios, this resulted in even higher energy savings reachable with mechanical ventilation (38% for 1.6 m2 person−1 crowding index).



In summary, the results of the study highlighted that the comparisons of different ventilation scenarios have to be performed for similar indoor air quality conditions: if that happens, the ventilation retrofit involving mechanical ventilation with heat recovery unit cannot be considered an energy-consuming method. This is a key aspect to be promoted since it could support governments to support energy retrofits not limited to the energy consumption reduction but also involving air quality aspects. In fact, considering that the majority of the Italian schools are high energy-demanding, the findings of the present paper could be useful to perform rough estimates of the possible energy saving obtainable if nation-based policies aiming at improving the indoor air quality in schools were put in place. Future development of the study should consider the simultaneous effect of the ventilation strategies on other pollutants (e.g., airborne particles, NOx) through ad-hoc experimental campaigns.
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Figure 1. Maps of Cassino and identification of the school. 
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Figure 2. Test-classroom scheme: dimensions in brackets are representative of the height. 
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Figure 3. CO2 trends measured during the free-running ventilation tests (crowding index of about 2.2 m2 person−1). 
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Figure 4. Box-plot of CO2 concentrations measured/estimated for the different ventilation scenarios for the same crowding index (2.2 m2 person−1). Dashed boxes represent estimated values, whereas solid boxes are used for measured values. 
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Figure 5. CO2 trends measured during manual airing tests (MA 1, MA 2, and MA 3), estimated for natural ventilation (NV), manual airing (MA EN 1) and mechanical ventilation (MV EN 1) for the same crowding index (2.2 m2 person−1). Dashed lines represent estimated values, whereas solid lines are used for measured values. 
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Figure 6. Comparison between the CO2 concentration (trends and box-plots) measured (experimental) and simulated through the mass balance equation for the manual airing test with scheduled window openings of 15 min every hour (MA 2) 
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Figure 7. CO2 trends estimated manual airing (MA EN 1–MA EN 4) and mechanical ventilation (MV EN 1–MV EN 4) as a function of the crowding index of the classroom when the same air exchange rate is adopted. 
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Table 1. Stratigraphy and thermophysical parameters of the building envelope opaque components.
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	Opaque Component
	Stratigraphy
	U Value (W m−2 K−1)





	outer walls
	
	
inner layer of lime/gypsum plaster



	
concrete and hollow clay bricks



	
outer layer of lime/gypsum plaster





	0.72



	floor
	
	
concrete slab



	
concrete bricks





	1.10



	roof
	
	
concrete slab



	
waterproof coat



	
ceramic tiles





	0.99
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Table 2. Summary and details of the ventilation scenarios investigated.
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Ventilation Scenarios

	
Test

	
Methodology

	
Crowding Index

(m2 person−1)






	
Natural ventilation

	
NV

(simulated)

	
CO2 concentration estimates carried out on the basis of CO2 mass balance equation considering the air exchange rate just relying on leakages of the classroom envelope (no manual door/window airing).

	
2.2




	
Free-running ventilation

	
FRV 1

FRV 2

FRV 3

FRV 4

FRV 5

(experimental)

	
Five different CO2 concentration measurements performed during school-time. No airing procedures were imposed. The windows were opened by classroom occupants according to their air quality perception. Short door opening periods were just allowed.

	
2.2




	
Manual airing

	
MA 1

MA 2

MA 3

(experimental)

	
Three different CO2 concentration measurements performed during school-time imposing scheduled windows opening periods: 10 min h−1 (MA 1), 15 min h−1 (MA 2), and 20 min h−1 (MA 3).

	
2.2




	
MA EN 1

MA EN 2

MA EN 3

MA EN 4

(simulated)

	
CO2 concentration estimates carried out on the basis of CO2 mass balance equation considering measured air exchange rates and ventilation rates established by the EN 15251 standard [19].

	
MA EN 1: 2.2

MA EN 2: 2.0

MA EN 3: 1.8

MA EN 4: 1.6




	
Constant air volume mechanical ventilation

	
MV EN 1

MV EN 2

MV EN 3

MV EN 4

(simulated)

	
CO2 concentration estimates carried out on the basis of CO2 mass balance equation and ventilation rates established by the EN 15251 standard [19]. A steady-state ventilation flow rate was considered throughout the school-time.

	
MV EN 1: 2.2

MV EN 2: 2.0

MV EN 3: 1.8

MV EN 4: 1.6
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Table 3. Median values of air exchange rates (n), CO2 concentrations and energy needs (QH,ve, QH,nd) measured/estimated for the test-classroom under different ventilation scenarios.
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Ventilation Scenarios

	
Test

	
n

(h−1)

	
CO2

(ppm)

	
QH,ve

(MJ)

	
QH,nd

(MJ)

	
QH,ve/QH,nd

	
Energy Saving with Respect to Manual Airing Imposed by Standard (%)






	
Natural ventilation

	
NV

	
0.22 °

	
2783

(782–4064)

	
1.80 × 103

	
41.9 × 103

	
4%

	
33%




	
Free-running ventilation

	
FRV 1

	
0.43 Δ

	
2078

(766–3377)

	
3.51 × 103

	
43.6 × 103

	
8%

	
30%




	
FRV 2

	
0.55 Δ

	
2044

(814–2922)

	
4.49 × 103

	
44.6 × 103

	
10%

	
29%




	
FRV 3

	
0.60 Δ

	
1777

(770–2809)

	
4.90 × 103

	
45.0 × 103

	
11%

	
28%




	
FRV 4

	
0.63 Δ

	
2272

(805–2778)

	
5.12 × 103

	
45.3 × 103

	
11%

	
28%




	
FRV 5

	
0.88 Δ

	
1859

(723–2952)

	
7.18 × 103

	
47.3 × 103

	
15%

	
24%




	
Manual airing

	
MA 1

	
0.75 *

	
1482

(700–2044)

	
6.09 × 103

	
46.2 × 103

	
13%

	
26%




	
MA 2

	
1.01 *

	
1310

(710–1791)

	
8.23 × 103

	
48.3 × 103

	
17%

	
23%




	
MA 3

	
1.27 *

	
1085

(579–1688)

	
10.4 × 103

	
50.5 × 103

	
21%

	
19%




	
MA EN 1

	
2.76 ♦

	
912

(792–1090)

	
22.5 × 103

	
62.6 × 103

	
36%

	
-




	
Mechanical ventilation

	
MV EN 1

	
2.76 ♦

	
965

(716–966)

	
2.25 × 103
