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Abstract

:

The COVID-19 pandemic has changed the engineering/technical approach to building and plant design. In Italy, most of the school heritage belongs to historical buildings, which are not only under constraints for the protection and prevention of loss of cultural heritage but are often created with a different intended use. This fact implies that any plant engineering project is really complex. Starting from the current sanitary measures for reopening during the Covid-19 era and the crucial current research on this matter, the feasibility of plant retrofit/refurbishment solutions by means of effective ventilation and air quality are investigated. Various plant solutions based on demand-controlled mechanical ventilation, operating 24 h a day, seven days a week, without air recirculation mode, for a historical high school building were studied using transient simulations. A result comparison showed that it is possible to obtain healthy school environments by means of an optimal compromise between energy savings and the best ventilation conditions for indoor air quality (IAQ). Sustainability is understood as effective and efficient solutions for energy consumption reduction and environmental sustainability as a guarantee for people’s safety and wellbeing.
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1. Introduction


Today, energy efficiency is really a common target for buildings and plant systems, but the issue of preventing health risks deriving from environmental factors and pollutants, microorganisms, dispersion/diffusion, and particle tracing of droplets (i.e., the airborne patterns) carrying viruses has become so important that it calls for the involvement of different competent subjects and for the imposition an integrated interdisciplinary approach aimed at assessing indoor pollution, sustainability, and the quality of indoor environments, in particular, those of different working and social activities, such as schools [1,2,3,4,5,6,7].



As a matter of fact, there is a growing awareness among stakeholders, researchers, technicians, and public decision-makers of the importance of indoor air quality (IAQ) [4,5,8,9,10,11]. This is due not only to the results of epidemiological studies, which underline the sanitary importance of airborne chemical and biological contaminants but also to the fact that the sources of outdoor and indoor pollution are increasingly widespread. Indoor environment pollution is strictly connected to critical local meteorological conditions. Not only do they promote the spread of biological risk factors (e.g., pollen, vector insects, pest species), but they cause thermohygrometric alterations of the confined environments. This is especially the case for air temperature and relative humidity, producing moulds and the proliferation of pathogenic microorganisms, as well as the phenomena of chemical, physical, and biological photodegradation of materials [1,4,5,8,11]. As is well known, all the refurbishment and retrofitting interventions on existing building heritage are a complex task, in particular for historical state school buildings [12,13,14,15,16,17,18,19,20].



The European HESE study (Health Effects of School Environments [19]) of the World Health Organization (WHO) has demonstrated that indoor air quality (IAQ) in the investigated schools and classrooms was poor, causing respiratory health effects. At the same time, both the SEARCH project (School Environment and Respiratory Health of Children [20]) and the SINPHONIE project [21] have developed fundamental guidelines for governments and every kind of school for healthy and quality classroom environments.



Recent literature has highlighted the fact that existing school buildings are responsible for more energy consumption than newly constructed ones. The IAQ (i.e., ventilation and correct air changes per hour (ACH) and risk reduction of microbiological contamination) is so important that it can have a significant impact on student/teacher wellbeing, productivity, health safety, and performance [2,4,22,23,24,25,26,27,28] and also on a nation’s healthcare system [11,29].



Extensive research has also shown how interventions for building–plant system adaptation and improvement of schools, especially within the context of cultural heritage, can lead to a significant reduction in energy consumption, with positive environmental and social effects. These studies have underlined the fact that this is achievable if design solutions are carried out by means of a compromise between energy savings and plant systems, adaptivity/changeability, acclimatisation, and easy maintenance [16,17,18,30]. However, in the face of current health problems, the existing air conditioning systems for school buildings, within the contexts of historical and architectural value, should be adapted and rethought/redesigned to guarantee IAQ and effective ventilation, hygiene, safety, and health, even before comfort [5,9,10,24,31,32,33].



Plant system installations in historic school buildings, which, over time, have undergone changes in use and functional reorganisation, is a very complex task. This is especially the case during this Covid-19 era: it can be very difficult for specific design issues (e.g., different equipment, energy recovery ventilators, heat recovery units, fan-coils, heaters, air inlet and outlet diffusers) and for technical issues (e.g., air/water ducts crossing inside walls and cavities without sufficient dimensions). Added to this are questions such as historical–architectural protection and preventive conservation constraints if buildings have cultural heritage [5,7,9,11,12,13,14].



In particular, historical school buildings in Italy have a partial utilisation of the structure in terms of usage time of different environments, good mass, and thermal inertia, but there is also the issue of low thermal insulation of the roof and floors, windows, and glazed systems [23,25,27,28,29]. This is the reason why heating systems are often not correctly dimensioned. The rooms are too cold in winter, and ventilation (air renewal, ACH) does not respect the minimum suggested limits [34], causing severe problems for environmental air quality and wellbeing.



National and international organisations have provided important guidance documents [35,36,37,38,39,40,41,42,43] as an addition to the fundamental guideline documents of the World Health Organization (WHO) [19,44,45]. Common basic indications concern the practical issue that in offices, schools, and public places, all the controlled mechanical ventilation systems must be kept on and in good working order. There must be continuous regulation systems on microclimatic parameters (temperature, relative humidity, CO2), no air recirculation, regular filter cleaning, and, if necessary, provision for their total replacement with more efficient ones [35,36,37,38,39,40,41,42,43,44,45,46,47,48,49].



In particular, the extended operation times of controlled mechanical ventilation (i.e., starting ventilation at nominal velocity at least two hours before building/classroom usage time, and switching to lower velocity two hours after) and the CO2 setpoint change for demand-controlled ventilation systems (DCV; i.e., to lower by up to 400 ppm to assure operation at nominal velocity, keeping the ventilation on 24 h for seven days, with lowered ventilation rates without the presence of people) are strongly recommended [45,46,47,48,49,50].



At the moment, the end of the health emergency is not foreseeable and two main factors, widely discussed, represent the key elements to controlling the COVID-19 pandemic, i.e., social distancing and effective ventilation in confined environments. Important research has highlighted how social distancing and the required minimum ventilation rate in different confined spaces, characterised by different exposition times of people, such as those being studied, i.e., public transportation systems (bus, subway, and airplane), schools/classrooms, restaurants, and offices, have very appreciable and positive impacts on decreasing infection risk [3]. The authors have provided a useful prediction model for an airborne virus, based on the quantification of basilar factor influence, such as occupancy density, ventilation, and exposure time, on infection probability.



Important research based on direct physical measurements and wide questionnaire surveys on many dwellings in Switzerland (both new energy-efficient buildings and existing upgraded ones) has investigated the compliance of the suggested conditions and proper values for VOCs and IAQ, with effective mechanical ventilation designs and energy renovation solutions. The authors have demonstrated that conducting energy renovation without mechanical ventilation, especially in old buildings, can produce higher indoor levels of air contamination [51].



The same authors developed their research by comparing IAQ conditions, occupants’ health, and energy efficiency solutions of different buildings provided by mechanical ventilation systems and natural ventilation. Their findings have shown how dwellings with controlled mechanical ventilation systems can assure the prevention of outdoor fungal particle infiltration and a healthy environment [52].



Crucial findings have been provided and discussed by the authors of a recent work concerning a large-scale investigation on IAQ, energy, and occupant behaviour and satisfaction applied to energy-efficient dwellings in Switzerland. Experimental physical and statistical survey data results of green-certified Minergie dwellings, supplied by mechanical ventilation, and energy-renovated ones with natural ventilation, were compared. The authors highlighted that low energy consumption, IAQ, correct ventilation conditions, and the behaviour and self-reported wellbeing of occupants can be obtained by integrating effective measures for building physics improvement and mechanical ventilation plant installation [53].



Starting from these crucial recent studies [2,3,24,29,46,47,48,49,50,51,52,53], our research, by means of the assessment of an existing heating plant of a high school building in Florence, analysed and compared some possible refurbishment/retrofitting operations oriented towards energy savings and healthy environments. Different plant system solutions were assessed and compared using transient simulations, taking into account continuous operation over the year. It is suggested that they must be maintained 24 h a day, seven days a week, with possible night dimming [35,36,37,38,39]. The main objective is to guarantee a healthy classroom indoor environment and noninvasive, really achievable, easily maintainable plant retrofitting and renovation measures.



In our research, different mechanical ventilation solutions, with lower impact for IAQ management and control, effective indoor air ventilation, and the wellbeing and health of people in an existing historical school building, were investigated. An optimal compromise between building renovation (i.e., thermophysical performance improvement) and plant system retrofitting proposals (i.e., effective mechanical ventilation for safety/healthy indoor conditions) was obtained.



The research was developed, starting from the present situation under the Covid-19 era, by considering the resumption of regular school work, as well as various activities and lessons; all this in the presence of teachers and students and no longer at a distance, to which the proposed plant system solutions can be easily adapted.



A historical high school building in Florence (Italy) was the case study. The research presented here focuses on a ventilation effectiveness assessment by means of correct ACH, indoor air temperature, and relative humidity and velocity, with reference to the main literature and current national and international guidelines [35,36,37,38,39,40,41,42,43,44,45]. Possible plant system operations were studied using transient simulations, specifically oriented to its terminal units, dynamic control and adaptive proportional regulation. This was designed to ensure that the plant adapts to the building’s thermophysics and indoor environment parameter changes. The plant engineering solutions studied were evaluated with reference to the main literature on this matter [3,4,5,6,7,10,11,12,13,14,15,16,17,18,51,52,53]. In particular, referring to [51,52,53], controlled mechanical ventilation with absolute air filtration (e.g., considering the use of HEPA filters) was the priority objective with respect to energy savings. This latter objective is very important in order to assure environmental impact reduction, and this was pursued by achieving the maximum heat recovery obtainable by the plant. All the proposed solutions were in compliance with the preventive protection constraints imposed by the Italian Heritage Protection Offices.




2. Materials and Methods


The present research aims at proposing and comparing some energy-efficient and effective operations for historical school building refurbishment and retrofitting by building–plant system renovation and air decontamination. Correct ventilation rates and ventilation effectiveness for IAQ, environmental quality and people wellbeing and health are the main objectives to identify and evaluate energy-sustainable design proposals of the plant system.



Dynamic simulations of the building–plant system, both in existing condition, the reference comparison case, and each design proposal were performed to quantify the environmental and thermohygrometric conditions, plant system efficiency, and ventilation effectiveness. The variation of external climatic stresses and internal thermal loads due to occupants and equipment were taken into account. The investigation of energy-sustainable plant solutions was carried out and discussed, with a view to limiting health risks due to the coronavirus COVID-19 pandemic. All the architectural, structural, plant engineering and energy consumption data of the existing building–plant system were derived from [15,17]. The functional and distributive reorganisation of the internal spaces (e.g., physical barrier installations such as clear plastic sneeze-guards and different desk allocations), in compliance with the current sanitary provisions to guarantee safe social distance and people occupancy density reduction, was not considered. At the moment, there are no data and information on this matter. On the other hand, a reduced crowding rate was taken into account, going from 100% to at least 50%.



Simulations were carried out using the commercial software TRNSYS [54], i.e., a complete and extensible simulation environment for transient simulation of any system, including multizone buildings. The software uses the transfer function method (TFM) for solving the governing equations of heat and mass transfers [54] based on Z-transform (ZT) set equations. The TFM, which makes use of the Z-transforms to solve the equation system describing heat and mass transfers in a building–plant system and, in particular, in a multi-layered wall, is the recommended method by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE).



Simulation results of the reference case were validated by comparison against real building energy consumption over three years (i.e., the annual billing invoice data of 2012–2014, provided by the Environmental Department of the Metropolitan City of Florence). The real energy consumption for building heating demand was obtained using annual consumption data, referring only to methane consumption for school heating during the winter period.



Since real energy consumption is strongly influenced by the external climatic conditions, it was normalised to the real heating degree days (HDDs) and then used for simulation model validation. The real HHDs, which are closely connected to annual energy consumption data (i.e., from annual gas billing consumption), were calculated using the corresponding real external climatic parameters. LaMMA (Laboratory for Meteorology and Environmental Modelling) provided us with all the data on an hourly basis, referring to the nearest meteorological station at nearby Sesto Fiorentino-Firenze (latitude 43.82°; longitude 11.20°).



Different plant system solutions were simulated at transient conditions, taking into account a new proportional and modulating control and regulation system, as well as new efficient and effective controlled ventilation plant solutions, in order to ensure IAQ and a healthy environment.



In particular, each new plant retrofitting proposal started from the improved performances of the building envelope, provided by both thermal loss reduction and the achievement of a mean radiant temperature value close to that of ambient air (decreasing radiant asymmetries due to cold window surfaces). The thermophysics improvement of the envelope at existing conditions, i.e., of the reference building as a comparison case, concerned the replacement of old single-glass, wooden window frames of low air resistance with double-glass wooden window frames. In addition, ground slabs, slabs separating heated and nonheated volumes, and cover roofs were thermally insulated [15,17]. No intervention on the perimeter walls was considered due to the historical value of the building and the architectural constraints imposed by the Italian Heritage Protection Offices. The renovation of thermal transmittance values of components/partitions refers to [55,56].



2.1. Transient Simulation


The building transient simulation was carried out through the Type 56 Trnbuild library, modelling a multizone system featured by thermal coupling of adjacent zones. The 19 climatised zones and 5 nonclimatised zones were featured in Trnbuild. The boundary climate conditions were derived from the test reference year (TRY) of the city of Florence by means of the postprocessing of TRY with psychrometric diagrams for humidity and sky temperature. The tilted solar radiation was calculated, starting from the horizontal one, applying the Reindl model [57] and using the Type 34 library, in order to take into account overhang and wing-wall shading effects.



In particular, the TRY (test reference year) is derived from detailed annual climate measured data of real years at a certain location and then based on the measurement interpolation extended to many years (up to 30). The TRY usually contains hourly data of climatic parameters such as outdoor temperature, solar radiation, relative outdoor air humidity, wind speed and direction, and quantity of rainfall. During recent years, more and more countries have updated their TRYs, providing a “future” TRY that takes into account predictions of future climate development and change.



The hourly set of meteorological data of the TRY, in compliance with [58], was automatically interpolated using the software in order to allow a subhourly calculation time-step. The solution of the heat transfer functions, every quarter of an hour, leads to highly affordable model consistency.



The Trnbuild library was also used to define the occupancy pattern and people behaviour, differentiating the students in the classroom from those in the gym. Both the sensible and latent indoor heat gains were evaluated in compliance with [58,59], while those from artificial lighting were connected to the light source typology. Current indications and guidelines on the subject [35,36,37,38,39,40,41,42,43,44,45] indicate that in the Covid-19 era, people density must be cut by at least 50% in comparison with pre-Covid-19 management. As a consequence, in the calculation model, the number of students for each classroom was reduced to 50% (i.e., in all the classrooms and the gym). The current opening time was taken into account: from 8:00 to 19:00 during weekdays; from 8:00 to 14:00 on Saturday; closed on Sunday. It is important to note that the occupancy pattern is a pivotal factor in calculating building energy needs because both the heating plant activation schedule and the mechanical ventilation system (HVAC) modulation depend on it.



The existing building–plant system, validated by means of the HDD method, was used as a basic model for all the investigated retrofit scenarios in order to keep the validation, as long as the “building envelope–climate surround” match is almost the same. Due to the constraints imposed on historical heritage buildings, the retrofit project mainly affected the plant system; it only affected the windows of the building system. Refurbishment solutions based on the transition from natural to controlled mechanical ventilation had particularly important consequences for energy needs and consumption.



In Trnsys Simulation Studio [54], each major component of both the heating plant and the ventilation system was modelled through a specific library, mainly developed by the TESS company. The Building Automation and Control System (BACS), which manages the whole HVAC system, is implemented through the TESS libraries. The implementation of high automated control is aimed at optimising plant energy efficiency and reducing the occupancy pattern variance. Despite the proportional modulation of the HVAC devices, the numerical reliability of the transient model was proven by the fast convergence during the simulation run. The Trnsys solver uses the so-called “successive method” for representing the thermal capacity of the whole system [54]. The differential equations were solved by the “modified-Euler method” algorithm. Applying these parameters, the simulation ran with the ratio of one hour simulated in 0.5 s real-time, using a standard 2.5 GHz dual-core processor, without any over-clock.




2.2. The Investigated Historic School Building and the Existing Heating Plant


The school building, Dante High School, was built in 1876 and has been used as a school since 1921. The building is not totally subjected to the constraints imposed by the Italian Heritage Protection Offices (called Superintendency), but the building and garden are protected (Figure 1). This means that interventions that may change the architectural features, such as an external cladding insulation system or solar thermal and/or photovoltaic system installation, are not feasible. On the other hand, the air-conditioning systems, such as the external units of air-source heat pump installation (e.g., in the garden or under the roof) could be implemented. The load-bearing structure is in stone masonry, the interstorey floors are in mixed iron and brick, and there is a pitched roof with warping in wooden beams and mantle in brick tiles. The windows have a wooden frame and are of single-glass.



This is the reason why the thermophysics performance of the building envelope is rather insufficient. The average thermal transmittance of the opaque components is 2.0 W/m2K and, for the transparent components, 5 W/m2K (i.e., those of the building reference case, before refurbishment/renovation [15,17]).



All the information about the thermophysical properties of the building components, the technical data of the existing heating plant system, the time profiles of the classrooms and gym use, the thermal loads due to people (students and teachers), and the lighting system and equipment were derived from the abovementioned literature [15,17]. The national calculation method provided by [60,61] was used to define different thermal zones, including circulation areas, administrative offices, classrooms, laboratories, attic, toilets, the gym, and changing rooms.



There is a heating system with a gas heat generator; indoor ventilation is natural due to infiltration and manual handling (Figure 2). The hydronic system supplies both the main building and the gym. The terminals are cast iron column radiators, operating at high temperatures, as well as an air heater for the gym. The conduction regime is intermittent, with preignition in the morning.



The on/off control system, together with the insufficient terminal sizing for different zones, involves important temperature fluctuations with respect to the setpoint value, and, sometimes, the latter is not reached. The results obtained from the analysis of the existing heating plant system in the abovementioned studies [15,17], developed before the current health emergency and highlighting that a significant energy saving of 45% can easily be obtained with the upgrade of the existing hydronic system, automatic regulation system installation, replacement of glazing and window frames (also considering a constant air change rate per hour (ACH) of 1 vol/h, together with the air permeability fixtures and window airing), were the reasonable starting point of our present research and new design proposals.




2.3. Refurbishment Design


The planned HVAC system was a hybrid hydronic–aeraulic heating plant, coupled with local air handling units for mechanical ventilation. The plant is powered by a centralised gas-fired condensing boiler. The hydronic pipelines act as both direct distribution, fuelling fan–coil devices, and primary distribution, fuelling the heating coil of the local air-handling units. The fan–coil design was sized to balance heat transfer through the building envelope, while the air devices make up the air, to balance the outgoing flow with incoming ambient air, guaranteeing indoor air renewal.



As a boundary condition of the filtered airflow rate (HEPA filters were considered) entering the classrooms and the gym, an air temperature setpoint value of 20 °C was assumed. Small local air-handling units (AHU) were used for heating the fresh air from the external temperature value to the setpoint value, with fixed point or climatic regulation.



It is important to highlight the fact that the switch from natural ventilation (i.e., external air infiltration and manual opening) to mechanical ventilation (i.e., controlled mechanical ventilation with heat recovery and absolute filtration system) is a keystone in the strategy against contamination and Covid-virus spread. This was a fundamental change from the existing reference case characterised by external air infiltration as the dominant ventilation mode. For this reason, simulations at existing conditions (the reference case) were carried out, assuming a daily and weekly average air change rate equal to 1 vol/h for all the thermal zones.



Dealing with a protected historical building means plant impact minimisation, avoiding any impact on architectural features and historical–cultural–social values. In the studied school, the hydronic pipelines connect the thermal power plant with each room, and the air devices were hidden behind plasterboard light countertops. The “hydronic” plant means that the indoor air temperature was set up at 20 °C during the daytime and in free-floating mode during the night and weekends. The complexity of any HVAC system design is due to the specific intervention context. The considerable room height, over 5 m, allowed this kind of design solution, but the entire building structure did not allow for centralised air management, i.e., a real central air handling unit, which is generally rather invasive.



According to the suggested health, safety, and prevention requirements [35,36,37,38,39,40,41,42,43,44,45], there are no recirculating air ducts, and the HVAC system operates in “all outside air” mode. Due to the aforementioned requirements, the devices were oversized, so as achieve a 4 vol/h indoor air change rate.



Each device was equipped with a heat recovery unit, composed of an air–air only sensible heat exchanger of the crossflow typology, for an effective energy-saving purpose. The average seasonal recovery efficiency of the crossflow heat exchangers was assumed to be 75%. This value was based on data for a similar commercial unit, taking into account the need for external air to be preheated during the winter night-time. This choice was made in order to avoid moisture freezing over the plate-fins.



The lack of a “recirculation” mode provided complex indoor air humidity control. This was due to the fact that during the heating season, the students were the main moisture source with respect to the external air, especially in the gym. The proposed plant system was able to control all the fluctuations and variations of the indoor air temperature.



However, the designed high air exchange rate was able to reduce the indoor humidity so that with the plant operating in a floating mode, the indoor air humidity value could only vary in the 43–57% range. As also widely reported in recent research [1,2,5,12,13,14], this fluctuation is still suitable and compatible with typical school activities.



The indoor temperature setpoint/setback and the plant activation schedule will be discussed in Section 3, considering the project proposal with a range from 20 °C to free-floating, coupled with an air change rate of 4 to 2 vol/h.





3. Results


Our research project was widely managed across 10 different Trnsys models: the existing building–plant system (i.e., the base comparison case), the case considering only envelope thermal improvement (i.e., building refurbishment), and eight settings of HVAC management, with different values of the control/regulation parameters and controlled mechanical ventilation conditions.



The existing building–plant system has 74 kWh/m2 year of heating energy consumption, measured as primary energy, considering a 1.05 primary energy factor for natural gas. This situation, which is in compliance with current Italian energy regulation [55,56], is slightly lower compared to the situation in other European countries, as described in [62,63]. This is a common energy need scenario for building heating in the ante-Covid context.



In recent research on this subject, it was demonstrated that envelope thermal improvement leads to more valuable indoor thermal comfort rather than energy savings [23,25,26,28,62,63].



Under present conditions, the plant is unable to check the temperature setpoint. The replacement of all the windows with thermal-improved glazes and frames allows a reduction of the total heat loss so that the plant easily fits indoor thermal comfort requirements. In addition, mechanical ventilation is completely absent, and the air change rate due to natural ventilation is about 1 vol/h. The lack of automatic heating control was the main factor affecting the total building energy need: it happens despite the fact that local temperature control should be mandatory for centralised plants. On the other hand, all the eight developed HVAC options were strongly automated, both at central and local levels. In particular, for all the 8 HVAC solutions, the external air infiltration was considered absent, and the air change rate was modulated by the air handling units installed in each thermal zone. The modulation range was set between 4 (setpoint value) and 2 vol/h (setback value). The indoor air temperature was modulated from a setpoint value of 20 °C and a setback value in the range of 14–16 °C for comfort and energy-saving conditions.



In the refurbished plant configuration, a reference setting, connected to air change rate and indoor air temperature, was set at the corresponding setpoint values for the whole day and week. If this setting produces non-negligible effects from the energy and economic points of view, it allows the achievement of the IAQ and the healthy environment suggested by [35,36,37,38,39,40,41,42,43,44,45].



In order to define an optimal HVAC setting, taking into account the real-time profiles of use of the school, some different scenarios were simulated and assessed. For all these scenarios, the same setpoint values were used for the school opening time. For the school closing periods, the HVAC system was put in setback mode. Then, eight different scenarios were defined (Table 1). It is important to note that the high thermal mass of the masonry building envelope (i.e., thermal inertia) allowed plant solutions based on a free-floating mode without the indoor air temperature falling below 12 °C. It is also important to note that continuous ventilation is required for healthcare so that fan speed can be reduced but never turned off [35,36,37,38,39,40,41,42,43,44,45].



3.1. HVAC Management Options


Current Italian energy regulations [64] state that for the climatic zone of Florence, the heating season spans 166 days, from 1 November until 15 April, and the indoor temperature setpoint value must be at 20 °C for school buildings. All the investigated retrofit solutions were assessed under the above conditions.



In the pre-Covid era, the heating plant was managed in a discontinuous mode, i.e., the indoor temperature was free-floating during the night and weekends. Consequently, the natural ventilation rate was near zero during the same time lapses. In this present Covid-19 era, under the hypothesis of the ventilation type switch, as discussed in Section 2, indoor air renovation must be continuous during the whole day and the whole week. Hence, a base setting, featured as 20 °C for the air temperature and 4 vol/h for the ventilation rate, for every day of the week was identified and used. Starting from this base setting, the air temperature and air change rate patterns were modified in order to reduce the building’s energy needs during the school closing time, ranging, respectively, from 20 °C to free-floating and from 4 to 2 vol/h. In this way, different significant settings were designed and simulated, and the resulting energy needs were analysed and compared. In these indoor conditions, a healthy indoor environment was provided: wellbeing, safety and IAQ are guaranteed during all the periods of occupation and use of the school by teachers and students.



During the night and for the closed periods of the school, HVAC capacity is attenuated without health risks. The air temperature range is defined by considering the thermal inertia of the whole building in relation to the extent of the HVAC capacity attenuation time. The “dynamic internal areal heat capacity”, evaluated as suggested in [56], was 165 kJ/m2K. A high building inertia produces a small temperature fall during the night-time in setback and/or free-floating conditions.




3.2. Comparison of the Proposed Different Plant Settings for Building Energy Needs


In this section, the fundamental results obtained by transient simulation are discussed.



Table 1 shows the eight investigated settings of HVAC management and provides the corresponding seasonal heating energy cost. For the entire opening time, the indoor air temperature setpoint was 20 °C and the air change rate was 4 vol/h in all the classrooms, the laboratory, and offices, and also in the gym and its dressing rooms.



The building energy need, due to the proposed HVAC system, applying the BACS parameters and varying the control mode, is shown in Figure 3. The energy need is expressed as the primary energy amount (i.e., the weighted delivered energy amount) normalised on the building floor area and measured in kWh/m2 year. The Dante School conditioned area is 3800 m2. In the graph (Figure 3), the acronym “EP” means “energy performance”, i.e., the expression of the building energy assessment for a tailored design configuration. The result comparison (Figure 3 and Figure 4) provides the following crucial deductions:




	-

	
The continuous mode is the most expensive because it maintains the setpoint values during the whole day and for the whole week, regardless of the presence of people. On the other hand, the intermittent mode is the cheapest one. As expected, the night-time attenuation results correspond to intermediate values as a function of the setback value.




	-

	
The Trnsys results show that under free-floating conditions, the night-time air temperature never falls below 12 °C because the building masonry mass and thermal inertia are really high. In the morning, 2 h of system preignition to restore the setpoint by 8.00 was completely sufficient. Consequently, the 30% energy saving, achievable with the intermittent mode in comparison with the continuous mode, makes it the most suitable solution from the energy point of view.




	-

	
Due to the 75% average seasonal recovery efficiency, ventilation energy consumption is about a quarter of the total. Its absolute amount remains almost unchanged among the different control modes because when the indoor temperature is put at the setback value (i.e., at an air temperature value of 14 or 16 °C), at the same time, the air handling devices are put at the same value (i.e., the air inlet conditions are set at the design temperature setback for both the classrooms and the gym).




	-

	
The continuous mode conditions, compared with the existing state, provide an energy need increase of more than 75%, while at intermittent mode, the increase is limited to 15%.









Starting from these results, the effects of air change attenuation and the correlated air temperature attenuation were investigated and assessed in order to explore further energy saving paths. Energy need accounted for a continuous 4 vol/h air change rate, in comparison with a 2–4 vol/h attenuated rate, for all 4 control modes, are shown in Figure 4.



An energy saving of 10% was easily obtained by means of air change rate attenuation while guaranteeing a healthy environment during the whole opening time of the school (this is shown in Figure 4). The reduced impact on the overall building EP is due to both the high efficiency of the heat recovery units and the poor thermal insulation of the whole building envelope.



On this matter, it is important to underline that regardless of the type of plant system and its regulation and control, the building envelope itself is highly energy-intensive. This is a very widespread and common aspect for historical buildings, which, despite having undergone plant system upgrades (e.g., mainly for safety and fire prevention issues, are not allowed interventions of improvement of thermophysical and energy performance of their envelope) due to the constraints imposed by the protection and conservation of cultural heritage. It has been widely demonstrated that masonry buildings, built without any layer of thermal insulation, are energy-expensive [14,15,16,17,18,65].



From the energy perspective, the optimal combination between intermittent air temperature control modes and attenuated air change rates led to an EP index of 79 kWh/m2*year, which is very close to the one provided by the existing state, but it allows a 40% saving in comparison to the base setting (i.e., the continuous HVAC mode).





4. Discussion


All the investigated HVAC configurations produced a retrofit energy consumption that is higher than the one provided by the existing case. The obtained results, concerning the higher overall energy costs of refurbishment and specific plant retrofitting interventions, were predictable.



However, the concept of “sustainability” should also be understood in terms of guaranteeing people’s health, safety, and wellbeing. As a consequence, building–plant system renovation (i.e., retrofitting/refurbishment efficient measures) and decontamination (i.e., IAQ by means of effective ventilation for airborne-contaminant removal) issues are fundamental, especially under reopening measures during the Covid-19 era. These aspects are even more important when connected to the suitability concept, i.e., also from the social–cultural and energy-use quality point of view for a historical school building, such as the one studied, of which there are many examples in Italy.



International organisations and recent standards encourage the design of HVAC systems with controlled mechanical ventilation, also demanding ventilation systems with CO2 concentration control to prevent infection risks and the spread of the coronavirus disease [35,36,37,38,39,40,41,42,43,44,45]. For these reasons, a controlled ventilation system “on demand” was investigated, assuring plant operation at nominal velocity and guaranteeing ventilation for 24 h per day, for the whole week, with lowered ventilation rates (i.e., attenuation, not switched-off conditions) when people are absent.



The use of more window airing and, consequently, natural ventilation solutions, are certainly efficient and, therefore, advantageous from the energy consumption and cost points of view [4,5,9,10].



However, as has been shown in recent literature, the effectiveness of these solutions to ensure the correct ventilation of environments and IAQ conditions (i.e., hygiene, health, safety and comfort) to a great extent depends on occupant behaviour and a very long period of open windows [4,5,9,10,27,28,30,49,51,52,53].




5. Conclusions


Occupants’ health, safety, and wellness can be achieved with HVAC plant system designs finalised to IAQ and ventilation effectiveness (demand ventilation control and airflow scheme effectiveness, correct air change rates), as widely demonstrated by [51,52,53]. All this is particularly complex when it must be designed for assuring health requirements, adapting existing and historical buildings to the pandemic context [51,53]. Since the air permeability of the building envelope and the natural ventilation due to manual window airing cannot ensure the minimum air ventilation rate (contaminant dilution and/or removal), the plant design must be based on demand, controlled mechanical ventilation and its correct management [8,18,51,52,53].



The important findings of our research highlight the need for a plant project aimed at efficiency and effectiveness, i.e., a compromise between energy savings and IAQ and people’s health/safety. On the other hand, social distancing (also called physical distancing), functional reorganisation and the planned use of spaces can be significant support for correct and controlled mechanical ventilation. This is the case when any design proposal would be strongly conditioned by the preventive protection constraints imposed on cultural heritage buildings. In particular, solutions for optimised student distribution to contain contagion risk and virus spread could provide important help for the practical realisation of an effective airflow scheme with all external air, without recirculation.



With the perspective of reversibility and sustainability, external environments, though near to the existing school building (e.g., classrooms, laboratories, experimentation and study spaces), can be obtained using modular, removable systems. These can be easily assembled/disassembled (i.e., prefabricated modular designs that integrate the use of ecosustainable materials and components and renewable energy sources), and the HVAC system design would be less complex. This could also provide the connected energy cost balance by means of the combination of a reduced presence of people/users and the necessary physical distance, together with the attenuation of ventilation rate and air temperature for the periods of nonuse of the environments.



From our research findings, an important issue can be deduced: correct behaviour, together with proper management and maintenance of a mechanical ventilation air conditioning system, is the key element for guaranteeing IAQ and healthy environments. These crucial factors have a direct impact on energy-sustainable operations and environmental, social and healthy conditions of any school building.



Our findings show how retrofitted plant design strategies for historical school buildings are possible if based on the optimal compromise between energy savings and the best ventilation conditions for indoor air quality (IAQ). Sustainability is understood as effective and efficient solutions for energy consumption reduction and environmental sustainability as a guarantee for people’s safety and wellbeing.



Our findings have implications that lead to a review and new discussion of retrofit and refurbishment energy costs, with the aim of temporary school solutions and architectural and structural designs that could be detachable, either as a unit or in parts, and used as classrooms and/or laboratories and study and training spaces for students. In addition, an important issue that could be a further development of this study would concern the assessment of scenarios of combined operations oriented to healthy requirements in relation to the connected energy consumption. This would require a multidisciplinary approach, with the involvement of many different experts from different disciplines. This could be very important for suggesting effective and efficient solutions for adapting historical buildings to the pandemic context.
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Figure 1. Photos: (a) images of the Dante High School building; (b) a typical classroom; (c) a corridor on the first floor; (d) the gym; (e) entrance hall, collective space; (f) entrance staircase to the first floor. 
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Figure 2. Photos: some internal views of the thermal power plant. 
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Figure 3. Building energy needs obtained by varying the indoor temperature control mode for a 4 vol/h continuous ventilation rate. (* anno, means for the entire heating period). 
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Figure 4. Building energy needs obtained by varying both the indoor air temperature control and the ventilation rate. (* anno, means for the entire heating period) 
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Table 1. Control parameters and energy cost of the eight investigated mechanical ventilation system (HVAC) configurations.
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	n.
	Indoor Air Temperature

Closing Time

(°C)
	Air Change per Hour (ACH)

Closing Time

(1/h)
	Indoor Air Temperature

Opening Time

(°C)
	Air Change per Hour (ACH)

Opening Time

(1/h)
	Energy Cost

(kWh/m2 year)





	01
	20
	4
	20
	4
	131



	02
	20
	2
	20
	4
	116



	03
	16
	4
	20
	4
	106



	04
	16
	2
	20
	4
	95



	05
	14
	4
	20
	4
	97



	06
	14
	2
	20
	4
	87



	07
	free-floating
	4
	20
	4
	84



	08
	free-floating
	2
	20
	4
	79
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