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Abstract

:

Concerns about the energy performance of heritage buildings have grown exponentially over the last decade. However, actions have been limited to reducing energy consumption and carbon emissions. Another perspective must be studied—the thermal comfort of users, for human welfare and health. The assessment of thermal comfort inside a historic building with a single, large volume interior space is not easy. The complexity increases if the building has high cultural protection and its envelope cannot be altered, to preserve its historical values. This paper focuses on this kind of building and describes a dynamic simulation method used to assess thermal comfort in the Gothic Basilica of Sta. Maria del Mar in Barcelona. The basilica’s interior thermal conditions are intense cold during the winter and extreme heat and sultriness during the summer. Several simulation scenarios were considered to highlight the failure to obtain thermal comfort for users through passive strategies during the summer period. When all the factors are considered, the only valid strategy is to introduce an active system. This must be minimized according to three criteria: reducing operational periods, considering just the air volume next to users and adjusting the level of comfort requirement.
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1. Introduction


It is difficult to establish the energy behavior of historical buildings, and even harder if we want to relate this behavior to the welfare of users. Consequently, an assessment method is required that considers the specific characteristics of historical buildings without insulation, and users’ sensations depending on their activity, clothes and even their comprehension and perception of the historical building.



In mild and continental climates, the feeling of lack of thermal comfort inside historical buildings used to be very high during winter and very low or nonexistent during summer, due to the wall thickness and the small surface area of windows. However, the case chosen to illustrate the proposed method, the Basilica of Santa Maria del Mar in Barcelona, does not provide thermal comfort during winter or summer. In fact, discomfort is particularly high during the summer. The issue is important, as climate change experts recommend considering scenarios with a 70-year horizon [1] in which the winter season will be increasingly mild while the summer season will be ever warmer. The change in the summer season will cause overheating and an increase of energy loads and carbon emissions [2]. This phenomenon is intensified within historic city centers, where the combination of pollution, modification of atmosphere conditions and covering of the soil surface produces urban heat islands (UHI) [3]. This is a serious problem for Mediterranean countries where high consumption peaks already exist due to cooling systems during summer months [4,5] and cooling requirement makes it impossible to achieve a near-zero energy building without energy recovery [6]. For heritage buildings, climate change is a great challenge, since the risk of inside overheating and the damage caused by increased relative humidity (RH) affects not only the building or the thermal comfort of users, but also the preservation of artworks that are usually kept inside the buildings [7].



Martínez Molina et al. highlighted the importance of reaching thermal comfort in public use buildings [8]. In fact, this is one of the main objectives when buildings are retrofitted, especially if they are historical buildings. What is more, “the assessment of thermal comfort inside buildings occupies a flourishing line of research due, to some extent, to the scarce available verified data” (Translation by author from the Spanish original) [9] (p. 1817–1818). The difficulty of this kind of “thermal” intervention has been explored by several researchers. All of them agree that it is a very challenging subject because these buildings are key to improving the local economy in tourist centers [10]. However, there are many intervention constraints due to regulations on the preservation of the buildings’ values and the fact that historical properties are often excluded from compliance with regulatory requirements, as legislation recognizes that historic values are the priority [11,12,13].



Historical buildings have no thermal insulation on their envelope, but considerable thermal inertia derived from the thickness of their masonry walls, which have a high capacity for heat storage. In general, when we consider the summer period, the inertia of the envelope walls maintains the levels of temperature (T) and Relative Humidity (RH), while during the winter this effect cannot provide thermal comfort. However, there is no simple method for establishing the thermal transmittance of the envelope that considers solar absorption, wind direction and speed [14,15,16].



The most common passive solution that has been studied is adding thermal insulation to the building envelope [5,17,18]. However, in historic buildings, it is not always feasible to insulate the envelope, since the preservation of their architectural characteristics does not allow such modifications. In addition, some authors have verified that retrofit interventions by insulation could reduce the drying capacity of walls and modify the temperature gradient. This could undermine the conservation of historic envelopes [19].



Another passive strategy can be implemented—natural ventilation as a much more effective method for reducing cooling than reducing the thermal transmittance of the envelope [20]. It has been demonstrated that the overheating risk that can occur in this kind of buildings, may be reduced with night ventilation [21,22]. Other authors investigated the case of a historical building in Catania, in which they combined a high thermal inertia mass with natural ventilation to prevent overheating and provide good comfort levels. This reduced the need for cooling systems during the summer. However, the same authors highlighted several setbacks that can arise in night ventilation strategies, for example when the thermal oscillation between day and night is lower than 10 °C. In addition, even though this is the most economical solution for the natural cooling of buildings, it is very difficult to control since the directionality and intensity of air flows change with the climate [23,24,25]. Balocco et al. explained that annual variation in hygrothermal parameters inside and outside of historical buildings are characterized by slow differences that can produce minor changes, in contrast to impulsive seasonal variations that are much faster, for instance the effects of intense artificial lighting or even heating, ventilation and air conditioning, both without control [26,27].



The characteristics of the interior space of the Santa Maria del Mar building are great height and a large inside air volume. Few authors deal with such an important factor. Muñoz-González et al. refer to several studies on thermal comfort in religious buildings that have this type of nave space. They note that most of them are in continental climates, with harsh winter periods. Accordingly, facilities that may be introduced, such as radiant floor heating, thermal benches or electric carpets, are designed to heat the buildings during winter, rather than to counter the effects of the extreme heat and sultriness that are typical of Mediterranean cities in the summer. The same author states that the implementation of only passive systems in these buildings does not completely eliminate the risk of thermal discomfort, and mechanical and biological degradation. A combination of active and passive strategies improves all these aspects when it functions 24 h a day but has the disadvantage of very high energy consumption. In some cases, only active strategies can be used, to preserve the cultural values of the building envelope. If their use is reduced to 12 h a day, energy savings can reach 38%. When their use is limited to the short time of celebrating mass, savings reach 90%. However, if we consider the preservation of artworks, air systems with relative humidity (RH) control are preferred for 24 h periods, to maintain the stability of environmental conditions [28,29].



To establish the user’s comfort, the system’s performance and its energy consumption, the information should be processed through a simulation software tool that can model the historic building characteristics and its behavior to raise several performance hypotheses [30]. A steady state or dynamic state calculation can be used. Dynamic state calculations consider short time intervals to distinguish heat and ventilation flows during use of the building. The last years some interesting publications about dynamic simulations on existing buildings have been carried out. Amirkhani et al. used the simulation software TAS (Thermal Analysis Software) version 9.4.4 in order to assess different strategies to improve their energy efficiency. Some strategies were based upon improving the energy performance of the own building elements, for instance, adding insulation on the inside face of the envelope or changing the windows incorporating low-e windows films. [31,32]. Other strategies consisted on modifying the active systems of the buildings, for example using splits with a high Energy Efficiency Ratio cogeneration or trigeneration [33,34,35]. Alwetaishi used the same software after gathering qualitative data and monitoring onsite [36]. Other thermal behavior simulation software has been used, with the aim of reducing energy consumption. Examples are DOE-2 program, a software developed by University of California and Hirsch, that can predict the energy use for all types of buildings [37]; the ThermoSem model, which is a thermophysiological model to predict thermal sensation in the built environment to obtain a more individualized assessment [38] and the well-known Design builder.



This last is frequently used to develop dynamic simulations to analyze thermal comfort in historical buildings. Muñoz-González et al. performed a dynamic simulation to analyze the heat transfer processes, the air-conditioning systems and other factors related to energy consumption in a church in southern Spain. They concluded that, during the summer, the church achieved thermal comfort 95% of the time and the need for air conditioning was reduced to winter heating. They noted the huge energy consumption of winter heating, due to the large inside air volume and the thermal inertia of the envelope walls [28].



Other authors, such as Gagliano et al., simulated the thermal performance of a traditional massive building in a Mediterranean city. They found that the building envelope maintained inside temperature except for minor oscillations. The need for air-conditioning was largely avoided, and night ventilation even accounted for 30% of cooling [16].



Cornaro et al. have been working on a method based on in situ monitoring and dynamic simulation to assess the most suitable solutions for rehabilitation of buildings that have great historical and artistic value. Their research differed from the case study in this paper, as they examined a multi-story building, with multiple rooms of usual height and volume, whose main problem was the need for heating during the winter period [39].



D’Agostino and Congedo analyzed the crypt of Lecce Cathedral through 20 CFD (Computational Fluid Dynamics) 3D models and 5 ventilation scenarios to find a solution that could generate an optimal interior microclimate for the preservation of the building. The scenarios were simulated by combining diverse hygrothermal exterior conditions and several entrances for ventilation air flows, which resulted in several air layers, depending on density, moving at different temperatures under the force of gravity [40].



Litti 2015 focused on microclimate comfort people (MCP) and included parameters that could affect artwork, like RH [41].



Muñoz et al. simulated a few Baroque churches in southern Europe from the perspective of the climate change foreseen for 2050. They carried out monitoring campaigns to validate the dynamic simulation. The churches showed a rising demand for cooling and a fall in demand for heating. The researchers identified an increase in use of active systems, which functioned for periods of at least 12 h to assure human comfort and artwork preservation [7].



Most of the above authors considered that the main thermal discomfort problem inside historical buildings with thick inertial walls occurs during the winter. During the summer, thermal comfort is acceptable even without cooling, if it is possible to protect against solar gains and heating loads and natural ventilation is controlled, especially at night [42]. However, there are very few studies on the main thermal discomfort problem in Mediterranean climates, during summer season, inside historical buildings, and particularly those characterized by high relative humidity. Additionally, there is a lack of scientific literature about thermal comfort in historical buildings with interior spaces of great height, huge air volumes and a considerable level of cultural protection. It must not be forgotten that this protection prevents interventions on the building envelope that could alter the historical value.



Considering the above, the hypotheses that will be discussed in this paper are the following:



For historic buildings in Mediterranean climates, which are characterized by high RH, the thermal discomfort level during the summer period is not negligible. It reaches levels that can be much higher than winter thermal discomfort levels.



In these cases, when the envelope cannot be altered because of cultural protection of the building, the only feasible passive strategy to improve thermal comfort is natural ventilation. However, when temperature and RH conditions are very similar inside and outside the building, neither natural ventilation nor just mechanical ventilation are effective.



Several criteria must be considered to minimize the impact on the historic building of the facilities that are required to achieve thermal comfort: operating periods, air volume and the required level of thermal comfort.



This paper considers all these aspects and proposes a methodology based on three steps: strict characterization of the building and the climate, onsite monitoring, and dynamic simulation. All of these steps are followed to analyze users’ thermal comfort inside historical buildings of great height and volume located in humid Mediterranean climates, particularly during the summer period when the hygrothermal conditions are harsh and will become even harsher if the long-term forecasts come true. The main aim is to establish several strategies to achieve thermal comfort at a less demanding level than that required in modern buildings, that are used for long periods, and considering that any intervention cannot affect the building envelope, to preserve its cultural values.




2. Materials and Methods


2.1. Case Study


The Basilica of Santa Maria del Mar is a Gothic temple built between 1329 and 1383 in the Ribera neighborhood. It was given the name “del Mar” (of the sea) due to its proximity to the sea. The Basilica has great historical, sentimental and identity value for the people of Barcelona. It competes with its simplicity and beauty with the nearby Barcelona Cathedral, built between 1298 and 1417.



The master builders of Santa Maria were first Berenguer de Montagut and then Ramon Despuig. The building is in the style of Mediterranean Gothic and follows the model of a “hall” church. In hall churches, the naves are of almost the same height and are just separated by slim columns, which contributes to the visual perception of a unitary space. This is in contrast to French Gothic, in which the central nave is always higher than the lateral naves. This is one of the main singularities of this church, together with its quick construction. It had a direct impact on the thermal and lightning conditions, since the main windows are on the façades of the lateral naves and have restricted dimensions to avoid excessive solar gains, as can be seen Figure 1. This is another difference with French Gothic churches, where the main windows are on the main nave façades and have large surfaces to improve natural lighting conditions.



The exhibited artworks are mostly made of stone as the fire of 1936 burnt most of those that were made of wood.



Santa Maria del Mar was declared a heritage building with national cultural protection in 1931.




2.2. Method for Assessing Thermal Comfort Conditions


The method to assess users’ thermal comfort inside historical buildings with large volume spaces was developed following these steps. In the first phase, data are collected on the building, the climate and environment, and the users’ activity and clothing. In a second stage, onsite monitoring of hygrothermal data takes place. In the final phase, a dynamic simulation with Design Builder software, with the powerful calculation engine Energyplus, is carried out for different scenarios of use and ventilation.



These steps are described in detail in the following sections and developed for the case study of Santa Maria del Mar in Barcelona.



2.2.1. Data Collection on the Building and Users


The Basilica is located in the Ribera neighborhood, also called the Born, and is characterized by high building density, narrow streets and buildings five or six stories high, as can be observed in Figure 2. All these factors contribute to the urban heat island effect.



The basilica is oriented in the usual direction, the apse looking to the east and the main entrance on the west façade, the east façade is partially adjacent to another building.



In research on thermal comfort inside a building, it is essential to obtain deep knowledge of its construction. Santa Maria del Mar is 33 m wide, 33 m high and 80 m deep. It was built of Montjuïc stone shaped into small ashlars for the façade walls that are 80 cm thick, and small blocks for the ribbed vaults that are 40 cm thick. All these stone elements are bare, without any kind of coating.



The main nave is covered by a flat roof. A gap was left between the vault and the roof, which is full of empty clay vases to make an air chamber and consequently reduce the horizontal thrust of the main nave vaults. The lateral naves are covered by a flat roof over solid vaults, to increase their horizontal thrust and compensate for those of the central nave. Every vault has openings connected to the roofs, which formed the historical ventilation system. These orifices are usually open and must be closed before rainy days.



The façades are characterized by a greater proportion of massive walls than openings, as can be seen on the plans of the building in Figure 3. Windows are Gothic roses for the central nave and rectangular shapes topped with a pointed arch for lateral naves and chapels. Only a small part of the windows can open, adding up to a total of 7.20 m2 of ventilation surface. The four doors made of wood are the four entrances to the temple and comprise a total of 16.50 m2 of ventilation surface.



The floor of the basilica is comprised of stone paving without any kind of insulation below.



Another key factor in user thermal comfort is occupancy according to the time of day. The parish of Santa Maria del Mar provided data on worship use and exceptional use, referring the maximums and minimums, as summarized in the following table.



In parallel to worship occupancy and during the remaining opening times of the temple, cultural visits take place. The flow of visitors is variable and difficult to specify but is much greater during the summer, when there are more tourists in Barcelona.



To assess thermal comfort, the user’s activity and the degree of physical movement that it implies must be specified. In this case, light activity was considered that involves standing up, a relaxed cultural visit in which visitors walk slowly through the temple, and church masses. This movement intensity is correlated with a metabolic rate of 93 W/m2. (ISO 7730:2006/Appendix A/Table 1).



Finally, clothing must be defined, which depends on climate. For the summer, 0.5 clo was considered (light clothing). For the winter, 1.5 clo was defined, which implies a thick jacket. For the rest of the year, the values have been interpolated.




2.2.2. Onsite Monitoring


On three occasions during the summer of 2020, monitoring was carried out inside and outside the basilica to measure the hygrothermal air parameters. A data logger RS-PRO 1.160 was used to obtain the dry-bulb temperature and the relative humidity of air. Figure 4 shows where several measurements were made inside and outside the temple, some in the central corridor and the others at the four main entrances, which are both indoors and outdoors. Table 2 outlines the monitoring data.



These data have been compared with data from a nearby weather station—those obtained the same day of the year in the previous five years and those obtained during the rest of the days of the same month and year. The statistics for the results are shown below on Table 3 and Table 4.



For Monitoring 1 (27 July 2020), compared to the rest of the days of the same month, there were 35% of days with a higher minimum temperature, 3% of days with higher maximum temperature and 55% of days with a higher RH. Clearly, this was a hot day for the month. It was not so wet and was not far from the conditions in the previous five years on the same day. It must be underlined that thermal amplitude between night and day had a very low value.



For Monitoring 2 and 3 (12 August 2020), compared to the rest of the days of the same month, there were 3% of days with a higher minimum temperature, 25.5% of days with a higher maximum temperature and 58% of days with a higher RH. It was a warmer day than the same day in the previous five years, and less wet. Again, the thermal amplitude between night and day had a low value.



If we turn to the indoors monitoring on Table 2, several parameters on it should be highlighted because of their importance in the justification of this research. First, occupancy was unusually low compared with regular occupancy for the summer period. This was a direct consequence of the COVID-19 health crisis and the lack of cultural visitors. Secondly, the perception of sultriness should be highlighted. This depends mostly on the T and HR as shown in Figure 5, which we usually call the Heat index. The index represents what the temperature feels like to the human body when RH is combined with the air temperature. When atmospheric moisture content is high, the rate of evaporation from the body to regulate its temperature decreases, so it feels warmer.



The data from Table 2 were transferred to the table in Figure 5. It can be seen that for Monitoring 1, with a maximum temperature of 31 °C and 64% RH, thermal perception is 36 °C; for Monitoring 2, with 29 °C and 70% RH, the perception is 33 °C; and for Monitoring 3, with 31 °C and 60% RH, the perception is 35 °C. All these data are located on the “Extreme caution” area of the table. Surprisingly, the sultriness perception was higher for Monitoring 2, with the lowest heat index. As a hypothesis, this could be attributed to the high RH registered in contrast to outside RH and the T early in the morning.



This information should be reviewed considering the usual occupancy data, which uses to be much higher than that of 2020. Theoretically, more visitors during the summer period would mean a latent heat increase, which would result in higher RH. If this is above 80%, with the same T that was monitored, the thermal perception could be above 40 °C. This corresponds to the “Danger” area of the table.




2.2.3. Dynamic Simulation


The dynamic simulation software used was Design Builder, which runs with the calculation motor engine Energyplus v8.9. Data were introduced progressively in following order—first the building configuration, then the occupancy, activity and clothing of users, followed by the climate data, and finally the simulation scenarios. Each one of these phases are described below in detail.



The first step consisted of modelling the building, specifying the interior air volume and the surfaces of the envelope elements that are responsible for the thermal exchange, as well as the materials and their theoretical thermal performance, as shown in Figure 6 and Table 5.



Then, the occupancy data, user’s activity and clothing were introduced. Specifically, the air volume in the users’ space was studied, in around the first 3 m above the floor, with an expected occupation of 384 people. This number was determined by the simulation software for a public use building, like a museum, considering 0.15 people/m2. This last item of data gives an approximation of the occupancy during the summer period, with a great influx of visitors. These parameters are detailed in Table 6.



Afterwards, climate data were introduced and were calibrated according to two factors—climate data (T, RH) provided by a near weather station, which should reflect the urban heat island effect characteristic of dense historical urban centers, and data corresponding to onsite monitoring outside the temple.



Lastly, simulation scenarios need to be defined to establish the degree of user thermal comfort, particularly during the summer, and to identify corrective strategies that should affect only the air volume around the user up to a maximum of 3 m height and not affect the building envelope, to preserve its cultural values.



The proposed scenarios should depart from the most similar situation to reality. Strategies must be added gradually according to two criteria—the energy consumption and the impact on the monument. The first scenario (A) is the point of departure, the current state with no ventilation at all, which implies no energy consumption and no impact. The second scenario (B) considers the only passive strategy that can be implemented without altering the envelope of the building, which is natural ventilation through opening windows and doors. The third scenario (C) proposes mechanical ventilation and several sub-scenarios depending on the ventilation flow rate. This is the beginning of energy consumption and impact. The fourth and last scenario (D) considers mechanical ventilation with cooling, also with several sub-scenarios, that leads to more consumption but probably the same impact as the previous scenario.



At this point, the concept of thermal comfort should be defined. For this research, the criteria of the Fanger method were applied, which consider thermal comfort depending on two indices: the predicted mean vote (PMV) and predicted percentage dissatisfied (PPD). These show respectively the medium thermal sensation inside a building, and the percentage of people who will feel uncomfortable. A PPD < 6% was considered equivalent to a PMV near 0 and very strict thermal comfort; PPD < 10% is related to PMV from −0.5 to +0.5 and ideal thermal comfort; PPD < 20% corresponds to PMV from −1 to +1 and acceptable thermal comfort. The latter was chosen as suitable for this case study, as it was considered an adequate comfort level for short occupancies, like a cultural visit or church mass. In addition, it was considered that users understand that is not possible to be as demanding with thermal comfort inside a historical building of cultural value as inside a new building.






3. Results


Below are the results for the four scenarios.



3.1. Scenario A: Current State


In the absence of any natural or mechanical ventilation, the degree of thermal discomfort during the summer months widely exceeded the value PMV+1, and even reached the value of PMV+2 in August, which was unacceptable according to the code ISO 7730:2006. In the graphics of Figure 7, the red line shows the limits for PMV+1.




3.2. Scenario B: Natural Ventilation (NV)


This scenario considered the air flow rate through the doors and windows during the opening hours of the basilica, from 9 a.m. to 8.30 p.m. Night ventilation is not an option, as there is no night-time surveillance, and the opening of doors and windows may cause unwanted intrusion.



As can be seen in Figure 8, scenario B barely changed from scenario A and a very similar number of thermal comfort hours was obtained.



These data can be interpreted when we consider the onsite monitoring of T and RH inside and outside of the basilica. It can be seen that any variations in these parameters indoors/outdoors were almost imperceptible, so efficient natural ventilation was not obtained.




3.3. Scenarios C: Mechanical Ventilation (MV)


This case simulated and analyzed the effectiveness of a mechanical ventilation system to renovate the air volume of the temple, strictly in the area from the floor up to 3 m height. The total air volume of the church, which is 33 m high, was not considered, as only the three lower meters are occupied.



To establish the ventilation air flow rate, the requirements of the Spanish law on heating, ventilation and air conditioning systems (RITE) were taken into account. For church mass occupancy or cultural visits, air quality IDA2 would be sufficient, but for exceptional concerts and celebrations air quality IDA3 would be required. Figure 9 shows the required ventilation air flow rates to guarantee good quality of interior air.



Several sub-scenarios were considered depending on the operating hours of the machines. Scenario C.1 considered mechanical ventilation between 9 a.m. and 8.30 p.m. Scenario C.2 contemplated mechanical ventilation between 5 a.m. and 8.30 p.m. For both cases, the simulation took different air flow rates, to identify different degrees of thermal comfort, and the electrical power that would be necessary: 2500 l/s (a), 8750 l/s (b) and 10,000 l/s (c).



For the first timing, scenarios C.1.a (2500 l/s), C.1.b (8750 l/s) and C.1.c (10,000 l/s), the percentage of acceptable thermal comfort hours was 69%, which means 750 h with PMV > +1 or discomfort hours. Figure 10 shows the comparison between the original scenario, A, and the scenarios C.1.a, C.1.b and C.1.b for the month of September.



For the second option of machine operating hours between 5 a.m. and 20.30 p.m., and the same air flow rates reflected in scenarios C.2.a, C.2.b and C.2.c, 700 h of thermal discomfort still remained. Therefore, it could be concluded that even when it operates most of the day, mechanical ventilation is not enough to overcome thermal discomfort.




3.4. Scenarios D: Mechanical Ventilation with Cooling (MVR)


Once the thermal dissatisfaction described in the previous sections had been verified, it was considered necessary to go one step further and simulate the effectiveness of a mechanical ventilation system with the capacity to add active cooling. As in scenario C, the area of renovated air was limited to the lower 3 m. There are also two operating schedules, from 9 a.m. to 8.30 p.m. for scenario D.1, and from 5 a.m. to 8.30 p.m. for scenario D.2. Three options for renovating air flow were evaluated: 2500 l/s (a), 8750 l/s (b) and 10,000 l/s (c).



Figure 11 shows that, for operating hours from 9 a.m. to 8.30 p.m., when a renovating air flow of 8.750 l/s (scenario D.1.b) was considered, the result was 98% of ideal thermal comfort hours (−0.5 < PMV < +0.5) and 2% of acceptable thermal comfort hours (−1 < PMV < +1).



Figure 12 shows that for operating hours from 9 a.m. to 8.30 p.m. with a renovating air flow of 2500 l/s (scenario D.1.a) acceptable thermal comfort can be achieved most of the time, although 45 h surpass this situation. When the same renovating air flow but a time schedule from 5 a.m. to 8.30 p.m. (scenario D.2.a) is considered, only 5 h exceed PMV+1.



Table 7 consists of a summary table of scenarios D, their percentage of thermal comfort, ideal or admissible, the occupancy hours under each comfort type and the improvement with regard to the current state.





4. Discussion


As mentioned at the start of this paper, this historical building, with massive façade walls 80 cm thick, high thermal inertia and natural ventilation during the summer, does not behave as these kinds of buildings are thought to. Thermal comfort is not achieved, although most studies, mentioned earlier in this paper, have noted the summer benefits of thermal inertia. It has been verified that thermal conditions inside the temple during the harshest days of this period, which coincide with the highest number of visitors, are extremely sultry.



This is probably due to the extremely difficult renovation of inside air, and this effect results from the very small difference between temperature and relative humidity indoors with regard to temperature and relative humidity outdoors, as shown by onsite monitoring. The reasons are multiple, for example the lack of tightness and insulation on the envelope that results in air leaks and high transmittance, particularly in the flat roofs that have great solar gains during the summer months, and the simple glass of the stained-glass gothic windows. Also, the small thermal oscillation throughout the day in this neighborhood, between 3 and 5 °C, is a key issue. In fact, some authors have demonstrated that energy saving, connected to the effects of thermal inertia and night ventilation, tends to be more evident when thermal oscillation exceeds 10 °C, varying from small percentages to more than 80% [15]. Neither must we forget the heat island effect, which usually provokes an increase of environmental night temperatures.



Some researchers suggest night ventilation to avoid indoors overheating during the daytime [21,22]. In this case study, night ventilation is not an option due to risk of intrusion. This strategy is not always a feasible option for heritage buildings that house works of art, so conditions that could make it suitable when night surveillance is not affordable must be studied.



This assessment method to establish thermal comfort inside historical buildings that have a large interior air volume demonstrated that acceptable thermal comfort for users during summer months is not possible with natural ventilation alone. In these cases, no other passive strategies can be developed if they affect the building envelope, as they could alter the building’s cultural value. Consequently, the only possible solution is to develop active strategies such as mechanical ventilation with cooling. In fact, to achieve ideal thermal comfort during the summer months (PMV < +0.5) in the lower 3 m that corresponds to the air volume near users, ventilation air flows are required that are equal to or greater than 8750 l/s from 9 a.m. to 8.30 p.m. However, greater tolerance of users, which means acceptable comfort (PMV < +1) instead of ideal comfort for the same period of the year but considering operating hours between 5 a.m. and 8.30 p.m., would allow ventilation air flow to be reduced to 2500 l/s. The volume of air flow is not a minor issue, as larger air flows imply higher energy consumption, increase of noise and bigger machines that must be integrated inside the historical building, aspects that always have some kind of impact on the user.




5. Conclusions


The method used to analyze thermal comfort inside historic buildings verifies the hypotheses stated at the beginning of this paper.



Firstly, onsite monitoring showed that, for historic buildings located in Mediterranean climates, characterized by a large RH and a small thermal amplitude, the thermal discomfort level during the summer period is very high. In fact, it greatly exceeds the thermal discomfort level of winter days.



The most common passive strategies to improve the energy performance behavior of historic buildings are based on reducing the thermal transmittance of the envelope, protecting from solar gains and increasing the air tightness of the whole building. When the building to be retrofitted is protected by law because of its historic and cultural values and it has a bare “skin,” meaning masonry walls without coating, the only passive strategy to improve thermal comfort is natural ventilation.



The dynamic simulation demonstrated that natural ventilation does not work properly when the difference in hygrothermal conditions inside and outside the building is very small. Mechanical ventilation does not work either. The only solution that solves the envelope preservation and improves thermal comfort during summer months is mechanical ventilation with cooling.



The next step will necessarily be to study in-depth the impact of the facilities that provide it. For this purpose, the collaboration of architects will be required who are specialized in heritage preservation and engineers experienced in the design of air-conditioning systems for large inside air volumes that are highly efficient. To minimize the size of these machines, and therefore the consumption costs and the visual impact, the following criteria, considered and verified by previous dynamic simulation, should be considered:




	-

	
To maintain stable conditions, it is preferable to choose the smallest machine functioning for long periods of time rather than large machines functioning for short periods.




	-

	
The main aim is to attain thermal comfort for users, hence the systems to be used must work on the air volume around users, which means the lower 3 m of the inside air volume instead of the total height of the building. This is a feasible option when cooling, as fresh air uses to stay in the lower layer.




	-

	
The thermal comfort degree can be less demanding (−1 < PMV <+ 1) as occupancy is short term and users are more tolerant when they note the building’s historical value. Another obvious criterion can be added that contradicts heritage authorities—when active systems are required inside public buildings, renewable energies should be used. As a consequence, a study of integration between historic building and capturing systems of renewable sources must be developed.









At this point, we should consider whether this solution could be extrapolated to other historical buildings with this typology. These are defined as buildings with large, high inside spaces and large air volumes, like churches, factories or markets, characterized by thick massive walls without insulation, high transmittance values for windows, roofs and façades and, most importantly, with no opportunity to alter the building envelope, so as to preserve its cultural value. The answer is that the thermal behavior of this kind of buildings has not been studied extensively. However, we can establish that this method to assess and simulate the most suitable solution to improve energy performance and thermal comfort is valid, since it has been successfully used to assess existing buildings, both historic and modern, with different uses, areas, volumes and even different levels of cultural protection [43,44].



In related and future research, some considerations must be taken into account.



To guarantee correspondence between real building’s thermal performance and its simulation, it would be interesting to measure the real transmittance of the envelope elements with flowmeters. Some authors emphasize the complexity of obtaining accurate data on the envelope, and the challenge of developing solutions that improve thermal comfort without altering the documentary or cultural values of the building [13,45]. Some researchers have already verified that thermal conductivity of the building envelope can be much higher than stated in theoretical values [46,47].



After the building retrofitting, surveys and monitoring should be carried out to determine the real degree of users’ thermal comfort.



Thermal comfort is not sufficient to achieve full wellbeing of people. The challenge is to improve relations between the energy performance of the building and the indoor environmental quality (IEQ) [48,49]. Occupant needs and behavior must be studied more carefully [24].



Recent health circumstances associated with the COVID-19 pandemic have highlighted that appropriate air renovation inside public buildings is key to human health. As Balocco et al. stated, the concept of sustainability should also be acknowledged as well as people’s health, safety and wellbeing [44]. Therefore, considering the uncertain future health situation, it is important to pay special attention to interior air quality, to install mechanical ventilation and add detection and control systems to diagnose the presence of microorganisms in a building’s internal atmosphere and on the internal surfaces of the building construction elements [50]. However, even more important is the need to incorporate these systems as legal requirements.
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Figure 1. Interior view of Santa María del Mar Basilica. Source: veclus.cat. 
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Figure 2. Aerial view of the basilica in the historical Ribera neighborhood. 
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Figure 3. Building plans: longitudinal section and cross-section. 
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Figure 4. Position of monitoring points on the basilica plan. 
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Figure 5. Heat Index chart and corresponding health impacts. Source: National Weather Service (www.weather.gov, accessed on 31 December 2020). 
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Figure 6. Overall view of the building with elements of the environment and shadows and a view of thermal surfaces of the envelope colored by typology. 
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Figure 7. PMV value throughout the year with no ventilation. 
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Figure 8. Comparison between scenarios A (blue) and B (orange) for the entire year and detailed for 3 days in July. 
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Figure 9. Air flow rates by occupancy. 






Figure 9. Air flow rates by occupancy.



[image: Sustainability 13 02980 g009]







[image: Sustainability 13 02980 g010 550] 





Figure 10. Comparison between scenarios A, C.1.a (2500 l/s), C.1.b (8750 l/s) and C.1.c (10,000 l/s) for the month of September and machines operating between 9 a.m. and 8.30 p.m. 
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Figure 11. Comparison between scenarios A (current state) and D.1.a, D.1.b, D.1.c (MVR = Mechanical Ventilation with cooling) for the days of mid-August. 
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Figure 12. Comparison between scenario A (current state), D.1.a (MVR, 2500 l/s, 9 a.m. to 8.30 p.m.) and D.2.a (MVR, 2500 l/s, 5 a.m. to 8.30 p.m.) for mid-August days. 






Figure 12. Comparison between scenario A (current state), D.1.a (MVR, 2500 l/s, 9 a.m. to 8.30 p.m.) and D.2.a (MVR, 2500 l/s, 5 a.m. to 8.30 p.m.) for mid-August days.



[image: Sustainability 13 02980 g012]







[image: Table] 





Table 1. Opening hours and occupancy data.
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Opening hours

	
Monday to Friday

	
9 a.m. to 8.30 p.m.




	
Saturday and Sunday

	
10 a.m. to 8.30 p.m.




	
Occupancy data

	
Exceptional (concerts or celebrations)

	
2000 people




	
Daily mass (7.30 p.m.)

	
<200 people




	
Saturday mass (7.30 p.m.)

	
200 people




	
Sunday mass (12 p.m. and 7.30 p.m.)

	
700 people




	
Cultural visit

	
Variable, larger number in the summer
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Table 2. Onsite Temperature and relative humidity (RH) monitoring, corresponding PMV (Predicted Mean Vote) and PPD (Predicted Percent of Dissatisfied people).
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	Monitoring 1
	Monitoring 2
	Monitoring 3





	Date
	27 July 2020
	12 August 2020
	12 August 2020



	Time
	5.30 p.m.
	9.30 a.m.
	5.30 p.m.



	Occupancy
	6–8 people
	6–8 people
	15–20 people



	Passive systems
	4 doors opened
	4 doors opened
	4 doors opened



	Active systems
	-
	-
	4 small fans



	Temperature
	29–31 °C
	28–29 °C
	30–31 °C



	HR
	56–64%
	65–70%
	57–60%



	Sultriness
	Medium
	High
	Medium



	PMV/PPD
	1.60/54%
	1.50/51%
	1.60/55%
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Table 3. T and RH for 7 July in the last five years. Average compared to the rest of days.
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	Date
	Tm (°C)
	Tmax (°C)
	Tmin (°C)
	HRm (%)
	Taverage Month (°C)
	Tmax Absolute Month (°C)
	Tmin Absolute Month (°C)
	Thermal Amplitude Average Month
	HRm Month (%)





	27 July 2020
	27.9
	31.9
	24.5
	64
	26
	29
	23.6
	3
	64.61



	27 July 2019
	24.1
	26.5
	18.3
	77
	26.4
	33.5
	18.3
	6.1
	66



	27 July 2018
	27.8
	31.6
	24.7
	59
	26.5
	33.5
	20.2
	6.1
	64



	27 July 2017
	26
	29.8
	22.3
	67
	25.4
	28.5
	22.9
	5.5
	67



	27 July 2016
	26.4
	29.1
	24.3
	66
	25.7
	32.2
	19.6
	5.8
	62
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Table 4. T and RH on 12 August in the last five years. Average for the rest of the days.
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	Date
	Tm (°C)
	Tmax (°C)
	Tmin (°C)
	HRm (%)
	Taverage Month (°C)
	Tmax Absolute Month (°C)
	Tmin Absolute Month (°C)
	Thermal Amplitude Average Month
	HRm Month (%)





	12 August 2020
	28.2
	31.7
	26.6
	66
	26.6
	32.8
	18
	5.7
	65.3



	12 August 2019
	25.3
	28.2
	20.2
	63
	26.5
	32.5
	19.4
	5.8
	63



	12 August 2018
	27.6
	30.9
	25.1
	67
	27.1
	36.9
	18.3
	6
	62



	12 August 2017
	23.8
	26.4
	21
	60
	26.1
	29.4
	23.5
	5.9
	65



	12 August 2016
	24.8
	28.1
	22
	60
	25.7
	33.5
	21
	5.6
	63
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Table 5. Parameters of the envelope elements.
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	Envelope Elements
	Theoretical Thermal Transmittance, U (W/m2 °C)
	Enclosure Thickness (cm)
	Solar Heat Gain Coefficient





	Stone wall
	1.20
	80
	



	Roof with air chamber
	1.17
	130
	



	Solid roof
	1.62
	60
	



	Pavement
	0.25
	33.5
	



	Door
	2.67
	3.5
	



	Massive element
	3.02
	90
	



	Window (low ratio opaque/transparent)
	6.78
	
	0.32



	Window (high ratio opaque/transparent)
	5.78
	
	0.22
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Table 6. Area, volume, occupancy and clothing.
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	Public area ground floor, m2
	2565



	Total air volume, m3
	61,853



	Visitors’ air volume, m3
	7694



	Lower area air volume, m3
	38,022



	Intermediate area air volume, m3
	19,475



	Higher area air volume, m3
	4356



	Lightning internal loads ground floor, W/m2
	1



	Simulation occupancy
	384



	Clothing insulation (clo)
	Range of values interpolated month after month, from 0.5 for the summer to 1.5 for the winter
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Table 7. Summary table of hours and percentage improvement for different D scenarios of MV+R.
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MV+R

	
MV+R

	
MV+R

	
MV+R

	
MV+R

	
MV+R




	
D.1.a

	
D.2.a

	
D.1.b

	
D.2.b

	
D.1.c

	
D.2.c




	
2500 l/s

	
2500 l/s

	
8750 l/s

	
8750 l/s

	
10,000 l/s

	
10,000 l/s




	
9 a.m. to 8.30 p.m.

	
5 a.m. to 8.30 p.m.

	
9 a.m. to 8.30 p.m.

	
5 a.m. to 8.30 p.m.

	
9 a.m. to 8.30 p.m.

	
5 a.m. to 8.30 p.m.




	
PMV ≤ 0.5

	

	

	

	

	

	




	
Occupancy hours of ideal comfort

	
3415 h

	
3606 h

	
4290 h

	
4290 h

	
4290 h

	
4290 h




	
0.5 < PMV < 1

	

	

	

	

	

	




	
Occupancy hours of acceptable comfort

	
920 h

	
769 h

	
90 h

	
90 h

	
90 h

	
90 h




	
PMV > 1

	

	

	

	

	

	




	
Occupancy hours over acceptable comfort

	
45 h

	
5 h

	
0 h

	
0 h

	
0 h

	
0 h




	
PMV ≤ 0.5

	

	

	

	

	

	




	
% occupancy hours ideal comfort

	
78%

	
82%

	
98%

	
98%

	
98%

	
98%




	
0.5 < PMV < 1

	

	

	

	

	

	




	
% occupancy hours acceptable comfort

	
21%

	
18%

	
2%

	
2%

	
2%

	
2%




	
PMV > 1

	

	

	

	

	

	




	
% occupancy hours over acceptable comfort

	
1%

	
0%

	
0%

	
0%

	
0%

	
0%




	
% Improvement with regard to current state

	
95.1%

	
99.5%

	
100%

	
100%

	
100%

	
100%
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