

  sustainability-12-00482




sustainability-12-00482







Sustainability 2020, 12(2), 482; doi:10.3390/su12020482




Article



Indoor Environmental Quality Analysis for Optimizing Energy Consumptions Varying Air Ventilation Rates



Francesco Mancini 1,*, Fabio Nardecchia 2, Daniele Groppi 2, Francesco Ruperto 3 and Carlo Romeo 4





1



Department of Planning, Design and Technology of Architecture, Sapienza University of Rome, Via Flaminia, 72-00197 Rome, Italy






2



Department of Astronautics, Electrical Energy Engineering, Sapienza University of Rome, Via Eudossiana, 18-00184 Rome, Italy






3



Interdepartmental Centre for Landscape, Building, Conservation, Environment (CITERA), Sapienza University of Rome, Via A. Gramsci, 53-00197 Rome, Italy






4



Energy Efficiency Department (DUEE), Italian National Agency for Technologies, Energy and Sustainable Economic Development (ENEA), Via Anguillarese, 301-00123 Rome, Italy









*



Correspondence: francesco.mancini@uniroma1.it; Tel.: +39-06-4991-9172







Citation: Mancini, F.; Nardecchia, F.; Groppi, D.; Ruperto, F.; Romeo, C. Indoor Environmental Quality Analysis for Optimizing Energy Consumptions Varying Air Ventilation Rates. Sustainability 2020, 12, 482. https://doi.org/10.3390/su12020482



Received: 19 November 2019 / Accepted: 6 January 2020 / Published: 8 January 2020



Abstract


The energy refurbishment of the existing building heritage is one of the pillars of Italian energy policy. Aiming for energy efficiency and energy saving in end uses, there are wide and diversified improvement strategies, which include interventions on the building envelope and Heating, Ventilation, and Air Conditioning (HVAC) systems, with the introduction of renewable energy sources. The research aims at evaluating the building energy consumptions and Indoor Environmental Quality (IEQ), varying the airflow rates handled by the HVAC system. A Case Study (the Aula Magna of a university building) is analysed; an in-situ monitoring campaign was carried out to evaluate the trend of some environmental parameters that are considered to be significant when varying the external airflow rates handled by the HVAC system. Additionally, dynamic simulations were carried out, with the aim of evaluating the energy savings coming from the airflow rates reduction. The results of this case study highlight the opportunity to achieve significant energy savings, with only slight variations in IEQ; a 50% reduction in airflow rate would decrease energy consumption by up to 45.2%, while increasing the carbon dioxide concentration from 545 ppm to 655 ppm, while the Particulate Matter and Total Volatile Organic Compounds increase is insignificant.
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1. Introduction


The debate on climate change and the exhaustion of traditional fossil fuels has now clarified the need for a sustainable and more efficient energy system to decrease the energy consumption and pollutants in the building sector [1]. At the same time, achieving a good IEQ in existing buildings is an extremely current topic, which is related to the strong demand for retrofit of buildings in Europe [2].



Nowadays, people spend a large part of their time (60–90%) inside buildings [3]; for this reason, the quality of confined spaces is a major concern for healthy indoor environments in Europe [4] and it has a decisive impact on wellbeing of occupants [5] and their productivity [6].



The EE-TC-IAQ (Energy Efficiency-Thermal Comfort-Indoor Air Quality) dilemma represents a significant issue for building design and management [7,8,9]. In the past, issues that are to IEQ have been separately addressed from those concerning energy efficiency in buildings [10]. Therefore, scientific literature reports many case studies that only analyse one of the aspects. Nevertheless, examples of an integrated approach are present, such as [11,12,13], in which attention was simultaneously paid to the reduction of energy consumptions in school buildings and ensuring satisfactory internal environmental conditions; in [14,15], where IAQ issues have been considered together with architecture preservation and sustainability concerns when retrofitting a prestigious building.



Most of the existing building stock has been constructed before the promulgation of energy efficiency directive. Thus, such buildings offer interesting possibilities for improvement. Furthermore, in Italy, public buildings have been given a particular attention and they must be refurbished in the next future [16]. The refurbishment measures include windows replacement, roofs, and external walls insulation, as well as energy efficiency measures for the energy systems and the introduction of renewable energy sources [17]. Nevertheless, the building energy consumption due to air treatments will not benefit from those measures, since those are mostly dependent on the external climatic condition and the air exchange rates, whose national regulations determine the minimum values. Thus, the energy consumption of HVAC systems will gain an ever-increasing importance, especially for highly crowded buildings.



Indeed, this research paper will focus on energy efficiency measures applied to the HVAC system. Particularly, the proposed solutions will be studied and applied on a public university building. Such buildings have been demonstrated to have a significant energy savings potential [18,19]. University and scholastic buildings have, in fact, large energy consumptions and broad occupancy schedules (e.g., offices, libraries, classrooms, conference rooms, and laboratories), thus offering several opportunities for efficient refurbishment [20]. Furthermore, universities and school buildings represent an interesting case study because of the high IAQ standard requirement. Several studies about retrofitted school buildings with the implementation of measures in line with the Energy Performance of Buildings Directive have been conducted in Mediterranean countries, with the application of cost-optimal methods for designing strategies to achieve nearly zero-energy educational buildings [21]. Other authors focused on the link between energy retrofitting interventions and IAQ in school buildings [22,23]. Another study that was conducted on a school building [24] identified an IEQ index to be used as an indicator of comfort, health, and building management costs. Particularly, the study highlights a close link between IEQ, comfort and satisfaction, study/work performance, and energy consumptions. Research activities on non-retrofitted school buildings in Portugal [25] generally revealed insufficient comfort and inadequate IAQ, mainly due to low indoor air temperatures, along with low ventilation rates. Another study on school and offices buildings showed high energy saving potential [26], by introducing Demand Control Ventilation (DCV). Additionally, the implementation of Building Automation and Control (BACs) systems [27,28] can allow for HVAC operation with reduced airflow rates during the period with low occupancy and can therefore lead to relevant energy savings; in addition, BACs can also allow for combining the positive effects on energy consumption [29,30] of different ventilation systems with different control strategies. Indeed, one of the most usual solutions to reduce HVAC system energy consumption is currently to adopt smart control systems that might control airflow rate, supply air temperature and air humidity, and several other parameters.



Another interesting aspect is represented by the selection of parameters to be monitored. Indeed, selecting the pollutants is more complex while techniques for measurement of air temperature and relative humidity are generally shared. The variety of pollutants that are potentially present in a confined environment actually makes it very difficult to identify a synthetic air pollution parameter acting as a representative IEQ indicator [31,32]. In [33], an interesting review of the air quality indicators used in different green buildings certification schemes is presented. The review shows the pollutants that are most commonly found in indoor air (i.e., VOC, in 84% of cases; CO2, 65%; asbestos, 45%; PM10 or PM2.5, 16%) and that most of the schemes that propose the measurement of indoor air identify and evaluate only three of those pollutants. In [34], a measurement system for monitoring the buildings performance is presented, which focuses on IEQ; the system includes sensors for measuring air temperature, relative humidity, illuminance, and occupancy, while air quality is evaluated through the measurement of Carbon Dioxide (CO2); Particulate Matter 10 µm or less in diameter (PM10); and, Total Volatile Organic Compounds (TVOCs). In [35], a study evaluating the IAQ in residential buildings is presented, the measurement of environmental parameters (Temperature, T; Relative Humidity, RH) and the concentration of significant pollutants (i.e., volatile organic compounds, PM2.5 and PM10) is carried out.



The aim of this research is to assess the link between energy consumptions and IEQ through the variation of the airflow rate that is handled by the HVAC system by means of an integrated and holistic approach that covers energy consumption, temperature, relative humidity, and IAQ. Particularly, the research wants to demonstrate the possibility of strongly reducing the energy consumption without heavily affecting the IEQ by adopting a performance-based approach instead of the traditional prescriptive one.



The results of this study can be used to define ventilation strategies, which are aimed at minimizing energy consumptions while providing the required IEQ level. The proposed methodology could be replicated to evaluate similar situations in other university buildings and more generally in buildings that are equipped with HVAC systems.




2. Materials and Methods


2.1. Methodological Approach


The target of this work is the evaluation of building energy consumptions and IEQ, varying the outdoor airflow rates that are handled by the HVAC system.



The study was carried out integrating two different methodological approaches, namely: (i) a dynamic simulation has been carried out for the building energy performance assessment, while (ii) an in-situ measurement campaign has been developed to evaluate the IEQ. Furthermore, the results of the in-situ measurement campaign, in terms of indoor temperature, relative humidity, and electric load, have been used as reference for the dynamic model calibration and validation. Dynamic simulation has been used to evaluate the energy consumption as well as the indoor temperature and relative humidity in different scenarios. The in-situ measurement campaign aimed at evaluating the IAQ through the measurement of temperature, relative humidity, and different pollutants.



Regarding the dynamic simulation model, the in-house developed code explained in detail in [36] has been adopted (which has been validated by comparison with the EnergyPlus software [37,38]). Aiming at creating a simple, yet accurate, model, the code allows for performing single-zone hourly dynamic simulations fully responding to the specific simulation needs of the case study consisting of a single large space.



Regarding the IEQ assessment, a detailed analysis of data was performed that had been gathered by means of in-situ experimental campaigns, during which indoor air temperature, relative humidity, and the concentration of some significant pollutants have been monitored, namely: CO2; PM10; and, TVOCs.



The measured concentrations of indoor air pollutants have been compared to threshold values; the ranges of thresholds concentration may vary, depending on exposure times. In this study, the intervals that are shown in Table 1 [39,40] were used, associating them with a synthetic qualitative classification.



Measurement strategies are not mentioned in detail in most researches; in general, the number and position of the sampling points depend on the size of the building and they must cover areas and spaces that are normally occupied. In this work, the measurement equipment were positioned at the average height of the first human respiratory tract (1.0 m, for people sitting) [41,42]. The indoor measurement was carried out in a central position of the Aula Magna, in the part of the corridor between the four sitting areas; outside the Aula Magna, the measurements were made on the roof of the building where the external air intakes of the HVAC system are located. Figure 1 shows the measurement equipment, while Table 2 presents the specifics of the measurement equipment.



Regarding dynamic simulations, four different operating conditions of the HVAC system were simulated, as shown in Table 3, namely: normal operating situation (Scenario #0), and three other scenarios characterized by a reduction in the airflow rate handled by the Air Handling Units (AHUs) of 15% (Scen. #1), 30% (Scen. #2), and 50% (Scen. #3). Table 3 summarizes scenarios details.



Regarding the measurement campaign, only two scenarios have been tested (Table 3); this is due to the current possibilities offered by the HVAC system that is composed by two AHUs. Thus, the measurements were carried out in two different operating conditions: (i) with the two AHUs operating at the same time (relative airflow rate 100%; Scen. #0); aand, (ii) only one operating AHU (relative airflow rate 50%; Scen. #3; having simply turned off one of the AHUs).




2.2. Case Study Description


The analysed Case Study is the Aula Magna of Valle Giulia, headquarters of the Faculty of Architecture of the Sapienza University of Rome. It can be considered to be a relevant example for other highly crowded educational buildings, particularly for those buildings of outdated design in which HVAC or mechanical ventilation systems were inserted in a later stage.



The building hosting the Aula Magna is located in the Municipality of Rome, within the so-called Valle delle Accademie (Figure 2a). The Aula Magna has a useful floor area of approximately 370 m2 and a net volume of 2500 m3. It has a stepped floor with 400 seats auditorium (Figure 2b). The surrounding walls are opaque, except for the two emergency exit doors. The windows in the upper part of the side-walls had been closed to allow for the placement of the HVAC system ducts and air supply inlets during the building renovation in 2005.



All the data regarding the building envelope and HVAC system were collected in order to characterise the building energy performance. An abacus of the existing vertical dispersing surfaces was created through non-destructive testing. The direct wall thicknesses survey allowed for determining the typology of the wall structures; historical resources analysis allowed for deducing the absence of thermal insulation that became mandatory only after the construction of the building.



The back perimetral walls are adjacent with the external environment. The lower part of the side walls is adjacent to indoor environments, while the higher part of surrounding walls is exterior. The roof is exposed externally, while the floor is partially adjacent to the soil and to a basement level below the upper part of the Aula Magna.



The front walls are made of reinforced concrete masonry and have a thickness of 130 cm and thermal transmittance (U) of 1.16 W/m2K. The side walls are made of solid tuff masonry blocks, they are only 48 cm thick, with a U of 1.73 W/m2K. The external roof consists of a mixed slab; it has a thickness of 32 cm and a U of 1.66 W/m2K. The floor towards the ground has a thickness of 40 cm and it consists of a concrete screed positioned above pebbles and crushed stones; its U value is equal to 1.1 W/m2K.



Regarding the dynamic simulation, the following thermal loads were considered: (i) loads due to the presence of occupants (full room occupation: 50 W/m2 [43]); and, (ii) loads due to the lighting system (LED lighting: 20 W/m2, evaluated considering the actual lighting systems as fully radiative); loads due to electrical equipment (14 W/m2: evaluated considering the presence of 1 projector, 500 W, and 50 laptop 90 W each one).



In order to evaluate the seasons and yearly energy consumption, the weekly occupancy schedule was set while considering:




	
two days with morning lessons (occupancy 9 ÷ 12 a.m., HVAC system operation 8 ÷ 12 a.m.);



	
two days with afternoon lessons (occupancy 14 ÷ 17 p.m., HVAC system start-up 13 ÷ 17 p.m.); and,



	
one conference day (occupancy 9 a.m. ÷ 17 p.m., HVAC system start-up 8 a.m.÷ 17 p.m.).








The Aula Magna indoor temperature was set to remain within the standard comfort limits (winter 20 °C, 50 % RH, summer 26 °C, 50% RH).



The Aula Magna is equipped with an external HVAC system, which processes airflow rate of 14,000 m3/h with two AHUs of 7000 m3/h each. The AHUs are in the classic configuration (pre-heating coil, adiabatic humidifier, cooling coil, and post-heating coil) and they are equipped with a sensible heat recovery unit on the exhaust air.



The system relies on a Heat Pump (HP) unit (absorbed power 66.4 kW, nominal heat output 236.0 kW, nominal cooling capacity 209.0 kW) exclusively used for the two AHUs. Pre-heating coil, cooling coil, and post-heating coil are controlled by means of three-way valves, being controlled by a Programmable Logic Controller (PLC) system (Figure 3).



The air is supplied to the Aula Magna by means of high induction diffusers positioned in the upper part of the side walls (Figure 4); air is extracted through vents that are incorporated into the furnishings of the short sides of the classroom.





3. Results and Discussion


3.1. Dynamic Simulation for Energy Savings


The first simulation phase concerned the modelling of the building in its current configuration, followed by the model calibration. Precisely, the initial calibration of the model was carried out by comparing the results of scenario #0 with the data that were collected from the general electric meter of the HPs by means of a watt-meter and a PLC for data-logging. Currently, there is no direct measurement of the energy consumption of the HP and, therefore, it was necessary to carry out targeted comparisons that aimed at assessing electricity consumptions related to measurements with and without the HVAC system. This feature explains the quite high percentage error in terms of power consumption. Nevertheless, the error is considered to be acceptable to define the energy performance of the proposed solutions. In Table 4 and Table 5, the validation of the model against the measured values of temperature, RH, and electric power consumption (Pel) is shown for the cooling and heating mode, respectively.



Given the low percentage error values, the model has been considered to be reliable to simulate the real condition and energy performance of the HVAC system in the Aula Magna.



As already mentioned, scenarios with different airflow rates have been simulated, namely: (i) Scen. #0 (100% airflow rate: 14,000 m3/h); (ii) Scen. #1 (85% airflow rate: 11,900 m3/h); (iii) Scen. #2 (70% airflow rate: 9800 m3/h); and, (iv) Scen. #3 (50% airflow rate: 7000 m3/h).



Figure 5 and Figure 6 show the result of the simulations, namely the average hourly thermal power (Qheat) supplied by the AHU to the Aula Magna and the average hourly electric power (Pel,heat) consumed by the HP, both relating to the winter season and the summer season (thermal power supplied, Qcool; electric power consumed, Pel,cool).



Table 6 and Table 7 summarize the results of the simulations carried out, respectively, for winter and summer operation, for each of the four simulated scenarios. In particular, the tables show the average values (Qheat,average; Qcool,average) and maximum values (Qheat,max; Qcool,max) of the thermal or cooling power supplied by the AHU to the environment and the corresponding values of the electric power consumed by the HP to supply the AHUs (Pel,average; Pel,max). These Tables highlight the total heating and cooling energy (Eheat,TOT, Ecool,TOT) that are supplied to the environment and the total electric consumptions minus the one in Scen. #0 (ΔEel,TOT) as a percentage of the baseline electric consumption. Additionally, the energy consumption due to the circulation of heat transfer fluids is considered.



A comparison between the different scenarios shows a general reduction in energy consumptions, being higher during winter and lower during summer. Reducing airflow rate by 50% (scenario #3), during the winter season, energy savings of 58.6% were achieved, while lower savings (28.3%) were achieved during the summer. On an annual basis, the savings reached 45.2% in scenario #3, 14.4% in scenario #1, and 27.8% in scenario #2.




3.2. Measurement Campaign—Summer Operation


The Aula Magna of the Architecture Faculty is not used every day; therefore, the measures were carried out in conjunction with events taking place in the Aula Magna, which provided relevant occupancy values throughout the day. Parallel to the thermo-hygrometric measurements, air quality measurements were carried out by detecting the concentrations of the selected pollutants (CO2, PM10, TVOC); Table 8 shows the results of the measurements. As previously mentioned, the measurements were carried out in two different operating conditions, with the two AHUs operating at the same time (Scen. #0) and with only one functioning AHU (Scen. #3).



The full occupancy of the Aula Magna, which has a capacity of 400 seats, during the measurement days never occurred.



Figure 7 shows the results of temperature and relative humidity measurements; it can be seen how the HVAC system, operating at nominal flow (Scen. #0), is able to maintain the environmental parameters within the comfort range (T = 26 ± 1 °C; RH = 50 ± 5%). Otherwise, when it operates with a halved flow rate (Scen. #3), the temperature control is maintained while problems arise in the relative humidity control, which tends to assume higher values exiting, in some cases, the comfort range.



The reason for this behaviour must be found in the relationship between the handled airflow rate and the sensible and latent loads (for summer season), according to the balances that are described by Equations (1) and (2).


   Q  s e n s   = G ·  c p  ·    T A  −  T S     



(1)






   Q  l a t   = G · r ·    x A  −  x S     



(2)




where:




	
Qsens and Qlat are the sensible and latent loads [W];



	
G is the external airflow rate handled by the AHU [kg/s];



	
cp is the specific heat at constant pressure, it can be considered constant and equal to 1005 J/(kgK);



	
r is the heat of vaporization, it can be considered constant and equal to 2501 kJ/kg;



	
TA and TS are the temperatures of the extracted air and the supply air, respectively [K]; and,



	
xA and xS are the humidity ratio in the extracted air and in the supply air, respectively [g/kg].








Indeed, when the flow rate is halved, going from 14,000 m3/h to 7000 m3/h, the plant is able to guarantee the thermal power balance, as described by Equation (1), since it does not need to compensate for the maximum sensible load during the tests, due to milder external climatic conditions when compared to the design condition and to a not complete occupation of the Aula Magna. Nevertheless, when the flow rate was halved, going from 14,000 m3/h to 7000 m3/h, the plant was not always able to guarantee the needed balance of the latent heat described by Equation (2); even in this case, the maximum latent load condition was never recorded; however, the registered occupancy has always been higher than half of the design value.



As mentioned, the full employment of the Aula Magna never occurred during the days in which the measures were carried out. Thus, simulation was used in order to check the maximum load condition (sensible and latent). The simulations confirmed the above-mentioned observations, namely: the plant is always able to maintain temperature control, while, as the flow rate decreases, difficulties in controlling relative humidity become evident (as shown in Table 4).



Figure 8, Figure 9 and Figure 10 show the results of the in-situ measurements in the two different operating conditions (Scen. #0; Scen. #3), for each of the selected pollutants. In addition, the graphs background has been coloured while using the corresponding pollutants concentration levels, as previously shown in Table 1 in order to immediately grasp the changes in the air quality level.



With regard to the concentration of carbon dioxide (Figure 10), there are substantial differences between the two monitored conditions. The value of the average concentration changes from 548 ppm (Scen. #0) to 663 ppm (Scen. #3), corresponding to a worsening of CO2 index level, which passes from the “good” to the “moderate” value.



Regarding PM10 concentration (Figure 11), there are minimal differences between the two monitored conditions. In fact, the value of the average concentration passes from 23 μg/m3 to 21 μg/m3, with an improvement that does not significantly affect the index level relative to PM10, which remains in both situations “good”. In relative terms, taking the outdoor air as reference, characterized by an average PM10 concentration (27 μg/m3), the decrease due to the action of the filters is slightly higher in the ex-post situation, a direct consequence of flow rate decrease.



Regarding the TVOC concentration (Figure 12), there are minimal differences between the two monitored conditions, and both cases remain well within a “good” value. It can be observed the very slight differences between the two conditions characterized by an average concentration of 0.018 ppm (Scen. #0) and by an average concentration of 0.016 ppm (Scen. #3); in both cases the average concentration of external air remains higher, being equal to 0.021 ppm.



However, it is noteworthy that, for the examined case study, the concentration of TVOC detected in the internal environment is strongly affected by the cleaning operations that were carried out in the morning, before the room was occupied. Indeed, as the Aula Magna is not continuously occupied, it can happen that it remains inactive for few days, during which normal cleaning operations are carried out and while natural ventilation is almost zero. In this situation, the TVOC concentration is always higher when the plant is started up and it progressively decreases.




3.3. Measurement Campaign—Winter Operation


The measurements related to winter operation, as shown in Table 9, were carried out with the same conditions as the ones used for summer operation in terms of operating conditions (full flow rate and half flow rate) and relative to the positioning of the measuring instruments. Moreover, the full occupation of the Aula Magna (400 seats) has never occurred in this case.



Figure 11 shows the results of measurements of temperature and relative humidity; it can be seen how the HVAC system, operating at nominal flow (Scen. #3), is able to maintain the environmental parameters within the comfort range (T = 20 ± 1 °C; RH= 50 ± 5 %), which confirms what has already been seen for the summer season. However, there is an interesting difference with respect to the summer season; indeed, the HVAC system is able to maintain the environmental parameters within the comfort range, even in half-capacity operation during winter season.



Additionally, in this case, the reason must be found in the relationship between the handled airflow rate and the sensible and latent loads (for winter season), according to the balances that are described by previously Equations (1) and (2).



In winter season, the air changes include adiabatic air humidification. In winter operation at a reduced flow rate, it is sufficient to humidify the air less to maintain the relative humidity value in the comfort range.



Additionally, during winter, the Aula Magna was never fully occupied. Therefore, it was necessary to check the maximum load condition (sensible and latent) by using simulations. The simulation results confirmed that the plant is always able to maintain control of temperature and relative humidity (Table 5).



Figure 12, Figure 13 and Figure 14 show the results of the measurements that were carried out in the two different operating conditions (Scen. #0; Scen. #3), for each of the selected pollutants.



With regard to the CO2 concentration (Figure 12), the results confirm what has already been seen for summer operation. The value of the average concentration goes from 539 ppm (Scen. #0) to 647 ppm (Scen.# 3), with a deterioration that affects the level of the carbon dioxide index, which passes from the “good” value to the “moderate” one.



Regarding PM10 concentration (Figure 13), there are minimal differences between the two monitored conditions, similarly to what has already been observed for the summer season. The average concentration value goes from 23.5 μg/m3 (Scen. #0) to 20.6 μg/m3 (Scen. #3), with a slight improvement in the level of the PM10 index, which remains, on average, in both situations at a “good” value.



Regarding TVOC concentration (Figure 14), there are minimal differences between the two monitored conditions, both of which remain within the “good” value. In fact, it passes from an average concentration of 0.019 ppm (Scen. #0) to an average concentration of 0.015 ppm (Scen. #3), thus it remains lower than the average concentration of external air that is equal to 0.020 ppm.




3.4. Discussion


As expected, simulations proved that reducing the airflow rate the energy consumption would also decrease; by reducing the airflow rate by 50% the energy consumption might be reduced by 28.3% in summer operation and by 58.6% in winter operation. On the other hand, the measurement campaign showed the following results:




	
the HVAC system is able to control the indoor temperature, even with half of the flow rate;



	
in summer operation, the relative humidity was increased, due to the lesser ability of the system to dilute the water vapour linked to the decreased airflow rate, but was still acceptable (i.e., 53%);



	
in winter operation, the HVAC system was able to maintain the relative humidity within the design range by humidifying the halved external airflow rate to a lesser extent;



	
CO2 concentration with 50% of the nominal airflow rate resulted to be higher but it is still within the moderate class, namely: it shifts from 539 ppm (good) to 663 ppm (moderate) in summer and from 539 ppm (good) to 647 ppm (moderate) in winter; and,



	
concentration of other pollutants decreases proportionally with the airflow rate.








Hence, it is clear that a decrease in the airflow rate causes a decrease in IEQ; thus, it is required to set a threshold on IEQ level, so as to control the minimum airflow rate accordingly. Precisely, the approach should focus on setting the pollutants concentration instead of setting the airflow rate in order to ensure acceptable energy performance as well as IEQ level [44]. By doing this, the airflow rate should then be evaluated based on the actual occupancy rate in the indoor environment [45,46,47].



A building automation control system that is able to control the HVAC system by means of real-time measures and the evaluation of an omni-comprehensive Indoor Air Quality Index (IAQI) is required to maximise such an approach [39].





4. Conclusions


The aim of this work is the evaluation of building energy consumptions and IEQ, varying the air ventilation rates. The analysis has been developed by means of (i) dynamic simulations and (ii) an in-situ measurement campaign analysing a relevant case study, such as the Aula Magna of the Faculty of Architecture of Sapienza University of Rome. The case study can be considered to be significant for many highly crowded, ancient school buildings, whose HVAC system was installed in a later stage.



The obtained results show that the energy consumptions may be strongly reduced (i.e., up to 45%) by decreasing the airflow rate by 50% with slight variations in the IEQ. Indeed, PM10 and TVOC variations are insignificant, while the CO2 concentration is increased by up to 100 ppm and RH is increased for a maximum of 3% during summer.



Hence, measures that aim at increasing the energy efficiency of HVAC systems can be very efficient in highly crowded university building, even if the occupancy level is not very high. Furthermore, it is also evident that a prescriptive approach, which is based on supplying the prescribed airflow rate despite the actual occupancy and pollutants concentrations, is not as effective as approaches that are based on performance able to adjust depending on real-time monitoring and current pollutants concentrations.



Even if the results are strictly linked to the peculiar case study, which presents high but irregular occupancy, and even more important that has a HVAC system designated to supply one single environment (i.e., the Aula Magna), they can be considered to be relevant for many similar buildings.



Nevertheless, future researches will analyse different case studies with diverse end uses and occupancy schedules, so as to test the proposed solution and validate the obtained results in several boundary conditions.
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Figure 1. Measurement equipment (a) Temperature, RH and CO2; (b) Particulate Matter 10 µm or less in diameter (PM10); and, (c) Total Volatile Organic Compounds (TVOC). 
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Figure 2. Aula Magna. (a) Top view (Google Maps) (b) Plant. 
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Figure 3. Top view of Aula Magna. (a) Left side; (b) Right side. (1) Heat Pump; (2) Pumps and storage tanks; (3) Duct protection carter; (4) and (5) Air Handling Units. 
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Figure 4. Top view of Aula Magna (a) High induction diffusers; and, (b) Air extraction vents. 
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Figure 5. Heating (a) and electrical (b) power for heating purpose. 
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Figure 6. Heating (a) and electrical (b) power for cooling purpose. 
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Figure 7. Relative humidity vs air temperature. 
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Figure 8. Carbon dioxide concentration. 
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Figure 9. PM10 concentration. 






Figure 9. PM10 concentration.



[image: Sustainability 12 00482 g009]







[image: Sustainability 12 00482 g010] 





Figure 10. TVOC concentration. 
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Figure 11. Relative humidity vs air temperature. 
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Figure 12. CO2 concentration. 
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Figure 13. PM10 concentration. 
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Figure 14. TVOC concentration. 
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Table 1. Measured pollutants: threshold values and classes.
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	Classes
	CO2 [ppm]
	TVOC [ppm]
	PM10 [μg/m3]





	Hazardous
	1501 ÷ 5000
	0.431 ÷ 3000
	141 ÷ 750



	Unhealthy
	1001 ÷ 1500
	0.262 ÷ 0.430
	91 ÷ 140



	Moderate
	601 ÷ 1000
	0.088 ÷ 0.261
	31 ÷ 90



	Good
	340 ÷ 600
	0.000 ÷ 0.087
	0 ÷ 30










 





Table 2. Measurement equipment details.
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Equipment

	
Parameter

	
Range

	
Resolution

	
Accuracy






	
Testo 435-2

	
T

	
0 to +50 °C

	
0.1 °C

	
±0.2 °C




	
Multifunction

	
RH

	
0 to +100 %RH

	
0.1 %RH

	
±2%RH (98%RH)




	
IAQ meter

	
CO2

	
0 to +10,000 ppm

	
1 ppm

	
±(75 ppm ±3 % reading)




	
TSi DustTrak

	
PM10

	
0.001 to 100 mg/m3

	
0.001 mg/m3

	
±0.1% reading




	
Aerosol Monitor

	
or ±0.001 mg/m3




	
Gas Detector

Aeroqual AQ-200

	
TVOC

	
0 to 20 ppm

	
0.01 ppm

	
±10 %











 





Table 3. Summary of the analysed scenario.
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Scenario

	
Relative

Airflow Rate

	
Analysed Parameters




	

	

	
Dynamic Simulation

	
Measurement Campaign






	
Scen. #0

	
100%

	
Energy consumptions;

Thermal loads; T, RH

	
T; RH;

CO2, PM10, TVOC concentrations




	
Scen. #1

	
85%

	
Energy consumptions;

Thermal loads; T, RH

	
-




	
Scen. #2

	
70%

	
Energy consumptions;

Thermal loads; T, RH

	
-




	
Scen. #3

	
50%

	
Energy consumptions;

Thermal loads; T, RH

	
T; RH;

CO2, PM10, TVOC concentrations











 





Table 4. Dynamic model validation against the measured values of electric power consumption, indoor temperature and RH in cooling mode. Scen. #0—cooling mode.
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Pel [kW]

	
T indoor [°C]

	
RH [%]




	
Simulated

	
Measured

	
Error %

	
Simulated

	
Measured

	
Error %

	
Simulated

	
Measured

	
Error %






	
28-05

	
18.4

	
24.6

	
25.3

	
24.2

	
25.5

	
5.2

	
47.8

	
50.3

	
4.9




	
08-06

	
33.8

	
41.3

	
18.1

	
25.2

	
26.0

	
3.1

	
52.9

	
48.9

	
−8.2




	
11-06

	
27.0

	
22.7

	
−19.1

	
23.8

	
25.9

	
8.1

	
52.6

	
50.0

	
−5.1




	
12-06

	
13.5

	
11.0

	
−23.2

	
24.8

	
25.9

	
4.1

	
47.1

	
50.7

	
7.2




	
18-06

	
28.9

	
32.8

	
12.0

	
24.0

	
25.8

	
7.0

	
48.2

	
50.1

	
3.8




	
20-06

	
15.9

	
14.5

	
−9.5

	
24.9

	
26.0

	
4.2

	
51.2

	
50.1

	
−2.2




	
26-06

	
27.7

	
33.4

	
17.2

	
25.9

	
25.4

	
−2.1

	
46.3

	
49.8

	
7.1




	
28-06

	
15.0

	
18.8

	
20.2

	
22.5

	
25.6

	
12.2

	
50.9

	
48.9

	
−4.1




	
04-07

	
27.1

	
23.5

	
−15.2

	
27.9

	
25.8

	
−8.1

	
47.6

	
49.2

	
3.2




	
05-07

	
15.5

	
20.1

	
23.0

	
24.1

	
25.6

	
5.9

	
51.9

	
48.9

	
−6.2




	
12-07

	
37.2

	
33.3

	
−11.5

	
26.1

	
25.8

	
−1.2

	
50.0

	
48.9

	
−2.2




	
10-09

	
20.4

	
24.4

	
16.5

	
23.5

	
25.9

	
9.2

	
48.1

	
50.7

	
5.2











 





Table 5. Dynamic model validation against the measured values of electric power consumption, indoor temperature and RH in heating mode. Scen.0#—heating mode.






Table 5. Dynamic model validation against the measured values of electric power consumption, indoor temperature and RH in heating mode. Scen.0#—heating mode.





	

	
Pel [kW]

	
T indoor [°C]

	
RH [%]




	
Simulated

	
Measured

	
Error %

	
Simulated

	
Measured

	
Error %

	
Simulated

	
Measured

	
Error %






	
07-11

	
12.5

	
15.7

	
20.2

	
20.0

	
20.8

	
3.8

	
48.2

	
50.8

	
5.2




	
09-11

	
12.6

	
15.5

	
18.8

	
21.7

	
20.8

	
−4.1

	
47.0

	
50.6

	
7.2




	
14-11

	
17.6

	
15.1

	
−16.5

	
21.9

	
20.2

	
−8.2

	
53.5

	
50.4

	
−6.1




	
16-11

	
16.1

	
18.5

	
13.0

	
21.0

	
20.2

	
−4.1

	
47.7

	
50.2

	
4.9




	
21-11

	
15.5

	
12.3

	
−25.1

	
21.2

	
20.0

	
−6.1

	
54.7

	
50.6

	
−8.1




	
23-11

	
15.6

	
19.8

	
21.2

	
22.0

	
20.5

	
−7.2

	
48.2

	
50.1

	
3.8




	
28-11

	
20.0

	
17.2

	
−16.1

	
20.8

	
19.8

	
−5.2

	
51.7

	
50.1

	
−3.1




	
05-12

	
25.8

	
21.9

	
−18.2

	
21.0

	
20.4

	
−3.1

	
47.0

	
49.6

	
5.2




	
07-12

	
24.3

	
30.3

	
19.9

	
20.0

	
20.4

	
2.1

	
46.9

	
49.3

	
4.9




	
12-12

	
23.6

	
20.0

	
−18.2

	
21.3

	
20.1

	
−6.2

	
54.2

	
50.1

	
−8.1




	
14-12

	
14.4

	
18.2

	
21.0

	
21.3

	
20.2

	
−5.2

	
46.4

	
50.0

	
7.1




	
19-12

	
23.9

	
28.8

	
17.3

	
20.7

	
20.1

	
−3.1

	
51.8

	
50.5

	
−2.6




	
21-12

	
16.9

	
14.2

	
−19.0

	
20.9

	
20.1

	
−4.1

	
47.5

	
49.9

	
4.9











 





Table 6. Power and energy in winter operation for simulated scenarios.
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	Qheat,average

[kW]
	Qheat,max

[kW]
	Eheat,TOT

[kWh/y]
	Pel,average

[kW]
	Pel,max

[kW]
	Eel,TOT

[kWh/y]
	ΔEel,TOT

[%]





	Scen. #0
	64.46
	131.49
	36,741
	16.87
	43.25
	9618
	



	Scen. #1
	55.19
	112.51
	29,417
	14.53
	37.00
	7745
	−19.5%



	Scen. #2
	45.44
	93.39
	23,176
	11.94
	30.78
	6088
	−36.7%



	Scen. #3
	33.22
	71.92
	15,315
	8.64
	24.77
	3984
	−58.6%










 





Table 7. Power and energy in summer operation for simulated scenarios.
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	Qcool,average

[kW]
	Qcool,max

[kW]
	Ecool,TOT

[kWh/y]
	Pel,average

[kW]
	Pel,max

[kW]
	Eel,TOT

[kWh/y]
	ΔEel,TOT





	Scen. #0
	96.92
	178.84
	34,817
	20.95
	48.11
	7604
	



	Scen. #1
	85.38
	166.34
	32,186
	18.57
	44.71
	7000
	−7.9%



	Scen. #2
	75.47
	153.85
	29,282
	16.36
	41.31
	6349
	−16.5%



	Scen. #3
	62.18
	137.19
	25,306
	13.39
	36.77
	5451
	−28.3%










 





Table 8. Measurement campaign results—summer operation.
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Date

	
Occup.

	
T; RH [°C; %]

	
CO2 [ppm]

	
PM10 [μg/m3]

	
TVOC [ppm]




	
Out

	
In

	
In

	
Out

	
In

	
In

	
Out

	
In

	
In

	
Out

	
In

	
In




	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3






	
28/05/2018

	
250

	
24; 68.4

	
25.5; 50.3

	
26.1; 58.1

	
344

	
580

	
690

	
41.5

	
36.7

	
31.0

	
0.020

	
0.023

	
0.024




	
08/06/2018

	
270

	
27.2; 63

	
26; 48.9

	
26; 58.1

	
340

	
557

	
692

	
23.0

	
20.0

	
19.2

	
0.020

	
0.016

	
0.010




	
11/06/2018

	
250

	
28.5; 58.5

	
25.9; 50

	
26; 54.3

	
345

	
556

	
669

	
22.5

	
20.1

	
18.8

	
0.015

	
0.016

	
0.022




	
12/06/2018

	
250

	
28.3; 62.5

	
25.9; 50.7

	
26.1; 55.5

	
347

	
548

	
664

	
22.5

	
19.9

	
18.0

	
0.020

	
0.015

	
0.010




	
18/06/2018

	
300

	
28.5; 67.5

	
25.8; 50.1

	
25.9; 50.5

	
348

	
564

	
691

	
27.5

	
23.6

	
23.5

	
0.025

	
0.018

	
0.018




	
20/06/2018

	
250

	
29.6; 51.8

	
26; 50.1

	
25.9; 53.9

	
349

	
571

	
672

	
25.5

	
20.6

	
18.7

	
0.020

	
0.014

	
0.017




	
26/06/2018

	
300

	
28; 47.6

	
25.4; 49.8

	
26.1; 49.9

	
344

	
583

	
709

	
17.5

	
21.7

	
21.2

	
0.020

	
0.013

	
0.022




	
28/06/2018

	
270

	
27.2; 43.1

	
25.6; 48.9

	
25.9; 50.5

	
343

	
578

	
705

	
12.0

	
18.6

	
17.3

	
0.020

	
0.024

	
0.013




	
04/07/2018

	
250

	
30.3; 68.2

	
25.8; 49.2

	
25.9; 51.1

	
343

	
499

	
606

	
39.5

	
24.0

	
22.7

	
0.020

	
0.018

	
0.017




	
05/07/2018

	
230

	
29.8; 66.8

	
25.6; 48.9

	
25.9; 50.5

	
343

	
497

	
594

	
36.5

	
18.6

	
17.3

	
0.025

	
0.020

	
0.012




	
12/07/2018

	
200

	
29.2; 57

	
25.8; 48.9

	
25.9; 50.5

	
343

	
499

	
602

	
27.5

	
25.0

	
22.8

	
0.025

	
0.024

	
0.015




	
10/09/2018

	
250

	
25.3; 68.4

	
25.9; 50.7

	
25.9; 53.5

	
348

	
545

	
663

	
28.5

	
22.5

	
20.0

	
0.025

	
0.017

	
0.010











 





Table 9. Measurement campaign results—winter operation.
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Data

	
Occup.

	
T; RH [°C; %]

	
CO2 [ppm]

	
PM10 [μg/m3]

	
TVOC [ppm]




	
Out

	
In

	
In

	
Out

	
In

	
In

	
Out

	
In

	
In

	
Out

	
In

	
In




	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3

	
Sc. #0

	
Sc. #3






	
07/11/2018

	
250

	
14.8; 72

	
20.8; 50.8

	
20.8; 50.7

	
342

	
573

	
675

	
19.5

	
18.7

	
20.6

	
0.020

	
0.020

	
0.022




	
09/11/2018

	
280

	
14.7; 68.9

	
20.8; 50.6

	
20.8; 50.4

	
340

	
569

	
696

	
29.5

	
24.8

	
19.5

	
0.020

	
0.016

	
0.010




	
14/11/2018

	
240

	
12.1; 69.8

	
20.2; 50.4

	
20.4; 50.2

	
342

	
549

	
653

	
34.5

	
27.4

	
24.2

	
0.015

	
0.016

	
0.018




	
16/11/2018

	
300

	
12.6; 64.1

	
20.2; 50.2

	
20.5; 50.2

	
343

	
554

	
688

	
25.5

	
20.9

	
17.8

	
0.020

	
0.017

	
0.013




	
21/11/2018

	
200

	
12.9; 77.9

	
20; 50.6

	
20.5; 50.9

	
348

	
545

	
638

	
15.5

	
17.8

	
15.3

	
0.025

	
0.018

	
0.018




	
23/11/2018

	
220

	
14.9; 74.3

	
20.5; 50.1

	
20.5; 50.1

	
341

	
559

	
658

	
31.5

	
20.6

	
18.7

	
0.020

	
0.014

	
0.017




	
28/11/2018

	
280

	
8.1; 60.2

	
19.8; 50.1

	
20.4; 50.4

	
340

	
582

	
705

	
16.0

	
15.5

	
13.2

	
0.020

	
0.013

	
0.014




	
05/12/2018

	
300

	
10.8; 76.7

	
20.4; 49.6

	
20.4; 50.1

	
340

	
567

	
702

	
34.5

	
26.0

	
22.8

	
0.015

	
0.018

	
0.012




	
07/12/2018

	
250

	
10.1; 78.1

	
20.4; 49.3

	
20.5; 50.8

	
341

	
502

	
604

	
35.5

	
24.2

	
22.2

	
0.015

	
0.020

	
0.015




	
12/12/2018

	
270

	
4.9; 59.7

	
20.1; 50.1

	
20.5; 50.5

	
347

	
493

	
599

	
55.0

	
35.8

	
27.3

	
0.025

	
0.022

	
0.017




	
14/12/2018

	
180

	
7.2; 90

	
20.2; 50

	
20.4; 50.4

	
339

	
501

	
583

	
10.0

	
14.8

	
11.8

	
0.015

	
0.024

	
0.015




	
19/12/2018

	
270

	
6.9; 73.8

	
20.1; 50.5

	
20.3; 50.4

	
346

	
534

	
657

	
32.5

	
25.9

	
23.5

	
0.025

	
0.024

	
0.010




	
21/12/2018

	
160

	
9.8; 78.1

	
20.1; 49.9

	
20.4; 50.3

	
341

	
480

	
555

	
37.5

	
33.4

	
31.0

	
0.025

	
0.024

	
0.015
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