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Abstract

:

Due to the particular characteristics of hospitals, these buildings are highly sensitive to environmental noise. However, they are usually located close or within urban agglomerations. Hence, hospitals are, in many cases, exposed to high levels of environmental noise. A study of one of the main hospitals in the Extremadura region (Spain) is presented here to allow a global assessment of the acoustic impact of outdoor sound sources. Both long- and short-term measurements were carried out, and a software model was developed. The measured values exceed the World Health Organisation reference value of 50 dBA for daytime and evening, and are even higher than the 55 dBA limit at which severe annoyance is generated. Taking into account the results obtained, the noise impact on this hospital is primarily influenced by three sound sources: road traffic, cooling towers of the hospital and the emergency helicopter. Their relative importance depends on the facade under consideration. It can therefore be concluded that the overall situation of the hospital needs to be improved. Thus, a series of solutions are proposed for a possible action plan based on interventions regarding the main sound sources and the location of the most sensitive areas to environmental noise.
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1. Introduction


Health centres are considered to be noise-sensitive buildings due to the activities carried out in them and the presence of hospitalised patients [1]. This sensitivity to noise is taken into account by different international organisations that have proposed specific limiting values for these types of buildings. The World Health Organisation (WHO) suggested a daytime and nighttime threshold of 30 dBA (similar to the expected noise level in a library) for ward rooms in hospitals due to the health effects that can be produced by sleep disturbances and as low as possible for treatment rooms due to the interference with rest and recovery [2]. The United States Environmental Protection Agency (USEPA) recommends that day and night noise levels inside hospitals should not exceed 45 dBA [3]. Moreover, The WHO has established that 50 dBA can be considered a moderate daytime and evening annoyance in outdoor living areas; if the measured values exceed 55 dBA, serious annoyance is generated [2]. In this regard, USEPA has established a value of 55 dBA for day-night noise levels outside hospitals as a requirement to protect public health and the welfare of the population with an adequate safety margin [3]. In Spain, Real Decreto 1367/2007 [4] sets objectives in terms of the acoustic qualities of noise that are applicable to existing urbanised areas. In sectors with a predominance of land used for medical, educational and cultural purposes, which requires special protection against noise pollution, this regulation establishes values of 60 dBA during the day (Ld) and evening (Le) and 50 dBA at night (Ln) as thresholds. However, the sound levels recorded in studies in hospitals in various countries significantly exceed the recommendations made by the WHO and USEPA as well as local regulations [5,6].



In recent years, concern about noise pollution and its effects has been increasing. In this sense, more and more studies and research have been carried out on its effects and how to avoid them. It is well known that constant exposure to noise has very varied effects on people’s health [7]. These effects include sleep disturbances [8,9], annoyance [10,11], cardiovascular effects [12], learning impairment [13,14] or ischemic heart disease due to hypertension [15], among others. Correct prevention requires a good understanding, even in real time, of the noise levels in an affected area. To do this, it is increasingly normal to use a network of wireless sensors for noise monitoring [16,17], which represents a modern solution to comply with mandatory noise maps and action plans [18]. In the outdoor environment, acoustic barriers are the most widespread solution to mitigate noise produced by the main sources: road traffic [19], railway traffic [20,21], airports [22,23], industrial zones [24,25]. In this sense, very interesting developments are taking place in this field, such as sonic crystals used as acoustic barriers [26].



In the specific case of hospitals, many studies have shown that noise pollution in hospitals causes physico-psychological and social problems (i.e., stress, increased incidence of rehospitalisation, extended hospital stays, and increased dosages of pain medication [27], cardiovascular response, problems with speech intelligibility, irritability [28], increased secretion of gastric acid and mucosal blood flow [29], increased wound healing [30], sleep disturbance [31]). Moreover, elevated noise levels have been found to influence the stress on workers [32], influencing their job performance [33] and it may even be the cause of staff intention to change jobs [34]. Thus, noise affects both the well-being of the patient and the productivity and well-being of healthcare staff [35].



The main sources of noise in hospitals come from outside and arise from environmental noise as defined by the European directive [1]: road traffic (cars, ambulances), air traffic (emergency medical helicopters) or industrial equipment (cooling towers). Almost all of the respondents in a recent study regarded road traffic as a major source of noise [5]. Many hospitals are located on roads that experience high volumes of road traffic (e.g., in Curitiva, Brazil [36], Valladolid, Spain [37] or Plasencia, Spain [38]). The external facilities of the hospital are also a source of noise (heating and air conditioning, ventilation ducts, alarms, etc.) [6].



Despite evidence of high levels of noise and the effects that these have on hospital workers and patients, studies show that noise levels in hospitals have tended to increase in recent decades [39]. Technological advances in medicine have resulted in potentially harmful levels of sound pressure and unsuitable urban locations for some hospitals [36].



The present study arises because of this problematic acoustic situation in hospitals. It is carried out in the University Hospital of Badajoz outdoors (formerly known as Hospital Infanta Cristina), one of the main hospitals in the region of Extremadura, Spain. The purposes of this study are to evaluate the exterior acoustic environment of the hospital, compare the measured sound levels with international and national regulations, evaluate the main sources of sound and propose recommendations to reduce the noise levels from architectural and urban points of view. To achieve these purposes, several sampling measurements and in situ characterization are carried out. Additionally, trying to enrich the study, a complementary noise model of the environment is conducted. Based on the model, some proposals for the improvement of the environment have been tested, which would involve regulating traffic flow or using porous asphalts among others, as indicated in the conclusions section.




2. Materials and Methods


2.1. Description of the Study Area


Badajoz city has a population of 150,543 inhabitants [40], but this hospital also provides general healthcare services to the population living in the area around Badajoz (273,977 inhabitants) [41] in conjunction with two other public and two private hospitals. In this regard, it is important to note that it is considered the primary public hospital in the region of Extremadura (1,092,977 inhabitants). Thus, the number of potential patients is therefore quite high. In addition, there is a collaboration agreement with the Portuguese region of Alentejo, meaning that the potential number of patients is even greater.



Figure 1 shows an aerial view of the hospital and its surroundings. It is located on the outskirts of the city and there are no residential areas around it. Its architectural design has a complex structure; there are several rectangular buildings that rise to different heights, while the upper floor has a cross-shaped layout. The hospital is located close to one of the main avenues of the city (Elvas Avenue) and the campus of the University of Extremadura. Elvas Avenue is considered as a type 1 road according to the categorisation method developed by our Laboratory of Acoustics, in which all the streets of the city are assigned to a category in accordance with their use for connecting different sites of the city [42,43], and is about 100 m from the south facade of the hospital. The east facade is about 50 m from a street used for internal access to the hospital and for access to the School of Medicine of the University of Extremadura. It is also used as a car park and as an access to various parking areas. The west facade is oriented towards an unpaved area and the north facade towards a wide internal car park. Finally, bearing in mind the importance of this sound source, it is important to note that the hospital is equipped with a heliport, which is located on the southern facade of the building but also very close to the eastern facade.



According to the catalogue of hospitals in Extremadura [41], it currently has a total of 529 beds, and its functional dependence corresponds to Extremadura Health Service. Visiting hours in this hospital are from 4 pm to 8 pm, and visits are limited to two people per patient. Wards are distributed from the ground to the eighth floor and are located at an approximate distance of more than 100 m from the main traffic lanes.




2.2. Long-Term Measurements


Points LT-1, LT-2, LT-3 and LT-4 were selected for long-term (LT) measurements of noise (Figure 2). Each of these was located on one of the main facades of the University Hospital of Badajoz. At each of these points, measurements were performed over a two-week period. Table 1 gives the main characteristics of the sampling points and the sound sources that were expected to be most relevant in the measured sound levels, in the absence of the helicopter (which rarely flew over the hospital; that is, it does not fly over every day and if it does, it does not usually fly over more than once a day). To carry out these long-term measurements, 01dB OPER@ Class 1 data acquisition stations were employed.




2.3. Short-Term Measurements


A total of 12 points were chosen to carry out short-term (ST) measurements. Points ST-1, ST-2, ST-3 and ST-4 were the same as those used for long-term measurements, although in the case of short-term measurements the microphones were placed at a height of 1.5 m above the ground according to ISO 1996-2 standard [44,45,46,47]. These points were distributed in different areas of the University Hospital of Badajoz (Figure 2) in order to obtain an acoustic characterisation of the whole hospital (Table 2). Four samples of 15 min were taken at these measuring points during the day and evening, giving a total of 48 measurements of 15 min each. For this purpose, Brüel and Kjær 2250L and 2238 Class 1 sound-level meters and a Brüel and Kjær 4231 Class 1 calibrator were used.




2.4. Environmental Noise Modelling


As mentioned previously, an environmental noise propagation model of the hospital and its environment was done in order to complement the measurements carried out. In this regard, it is important to clarify that the helicopter was not considered in the noise model. Since the measurements carried out in this study are before the introduction of common noise assessment methods [48], the traffic flow was divided into only three categories (cars, heavy vehicles and motorcycles) instead of the five categories established by CNOSSOS-EU [49]. The French national standard ‘NMPB-Routes-96’ [50] and ‘NF S 31-133’ [51] were used for road traffic noise and ISO 9613-2 [52] as a general calculation standard [1]. CadnaA software v.4.6, from DataKustik, was used for predictive calculation and the recommendations of the Good Practice Guide [53] were taken into account.



When calculating reflections (only the first reflection was considered), the principles of the European Directive were followed. Meteorological conditions were configured as those stablished as default values in Toolkit 17 of the ‘Good Practice Guide for Strategic Noise Mapping and the Production of Associated Data on Noise Exposure’ report [53]. Finally, a mesh of 1 m × 1 m was chosen for the configuration of these calculations, since this was considered to be sufficiently representative of the dimensions of the area. The calculations were carried out at different heights from 1.5 m to 10 m above the ground, including 4 m as indicated in the European Directive.



To validate the noise propagation map, receivers were placed in the model at the same points as the measuring stations. Once all the elements had been inserted and the input data configured for the model, the reception levels at these points were calculated. The results were compared with those measured in situ to check the accuracy of the model. Finally, other scenarios were tested to assess their effectiveness in trying to reduce the noise levels to which the hospital is exposed.





3. Results


3.1. Long-Term Measurements


The methodology described in the previous section was used to carry out long-term measurements, and Figure 3 shows the values obtained for the different sound indicators at the four points located at the different facades of the University Hospital of Badajoz. The values include day (Ld), evening (Le), night (Ln) and day-evening-night (Lden) indices for working days (Mondays to Fridays), nonworking days (Saturdays and Sundays) and an overall figure.



From the results shown in Figure 3, it can be seen that the sound levels measured on nonworking days are lower than those measured on working days at points LT-1 (south facade) and LT-2 (east facade). This effect may be because these facades are quite exposed to road traffic noise, mainly from Elvas Avenue and other access roads. It is therefore quite common that the flow of vehicles decreases on nonworking days with respect to working days, and this is reflected in a reduction in the values measured for the different sound indicators [54]. The road traffic is not only due to hospital users. Near the hospital is the University of Extremadura campus and several warehouses. As usual, both the activity of the city and that of the hospital itself are reduced during the weekends. Naturally, this implies a reduction in traffic flow.



A similar trend is observed at point LT-4 (west facade), although in this case, the decrease in the values is lower. This may be because this facade is less exposed to traffic noise than the previous two points. However, it is partially affected by noise caused by the cooling towers located at the back of the hospital (Figure 1). At point LT-4, the microphone was placed at a height of 35 m, where there is almost no acoustic shielding from the building itself. Although there is a decrease in the levels measured on nonworking days compared to working days on the north facade (point LT-3), this is very slight. In this case, despite the fact that there is a parking area for vehicles close to the measuring point that entails significant transit of vehicles, the results seem to indicate that the influence of the noise generated by the cooling towers on the measured values of the sound indicators is of considerable relevance.



International references for assessing the impact of outside noise on the population at the University Hospital of Badajoz included those of the WHO, which has established that sound levels of 50 dBA and 55 dBA produce moderate and serious annoyance during the daytime and evening [2]. USEPA proposes a sound limit of 55 dBA over 24 h [3]. In connection with this topic, the European Noise Directive [1] was transposed into the national legislation of each of the member countries of the European Union. In Spain, Real Decreto 1367/2007 [4] establishes values of 60 dBA during the day (Ld) and evening (Le) and 50 dBA at night (Ln) as thresholds.



Figure 3 shows that in all three cases considered (working days, nonworking days and overall), the measured values exceed the WHO reference value of 50 dBA for daytime and evening, and are even higher than the 55 dBA limit at which severe annoyance is generated.



In terms of the objectives for acoustic quality set in Real Decreto 1367/2007 [4], it can be firstly observed that the measured values during the day and in the evening are mostly lower than 60 dBA, except at the point LT-3 (north facade), where this value is slightly exceeded. If the objective of 50 dBA for noise at night is then taken into account, it can be verified that at LT-1 (south facade) and LT-2 (east facade), the values are below this limit, while at LT-4 (west facade) and especially at LT-3 (north facade), the threshold established for zones of medical use is exceeded.



In order to provide more detailed information on the measured sound levels, Figure 4 shows the values for the equivalent sound level (LAeq) at each point during the first week, using an integration period of one hour.



In Figure 4, it can be seen that in the case of points LT-1 and LT-2 there are three very marked peaks, due to helicopter activities. Points LT-3 and LT-4 have high levels due to the close presence of cooling systems, causing a very high residual noise level.



As indicated above, the main source of noise detected is the 112 emergency service helicopter, the presence of which had a very significant effect on the average sound level. Its presence was detected on five occasions during the two weeks in which this study was carried out. The effect that the helicopter has had on the sound levels has been of great importance in the case of point LT-1, followed by point LT-2, although at this point, the effect was somewhat less. Its effect on the other two measuring points (LT-3 and LT-4) has not been of great importance due to its greater distance from the heliport, the take-off-landing trajectory and the presence of other sound sources close to these points, such as the cooling towers (Figure 1 and Figure 2).



After an analysis of the measured sound level profile with an integration time of 1 minute, the sound levels associated with the helicopter landing and take-off operations have been obtained and their relative importance at these points has been analysed. For this purpose, the measured Ld indicator and the calculated indicator (Ld CALC) were compared, substituting the levels associated with the presence of the helicopter for the average values of the day (Table 3).



Given the sound levels measured in these environments, the results obtained for the contributions associated with the operations of the 112 helicopter imply a high impact on the facades associated with the measurement points LT-1 and LT-2.



For point LT-1, the average contribution obtained is close to 8 dB. This implies that, on average during daylight hours, each intervention of this source involves an increase in the average acoustic energy of that upper facade by more than four times that which would exist due to the other sources. For point LT-2, the average contribution obtained is close to 4 dB. So that, in average daytime, each intervention of this source means at this point an increase in average acoustic energy greater than twice that due to other sources.



With regard to the influence of the presence of the cooling towers on the other two facades during daytime, the results of the measurements indicate that their influence is greater than that of the rest of the sound sources present in the surroundings. In particular, the LT-3, which is the closest to this hospital infrastructure (Figure 1 and Figure 2), is the one with the highest noise level, on average, both during the day and at night.




3.2. Short-Term Measurements


Taking the equivalent sound level (LAeq) as a reference acoustic indicator, Figure 5 shows the averaged values, together with the standard deviation for each of the 12 points (ST-1 to ST-12). This figure also shows the previously indicated reference values for which WHO estimates moderate and serious annoyance to the population due to environmental noise [2] and the values for the acoustic quality objectives established in Real Decreto 1367/2007 [4] during the day and evening for sectors with a predominance of land for medical use.



Firstly, it is important to note that no landing or take-off operations of the emergency helicopter at the heliport were registered during the short-term measurements. Nevertheless, Figure 5 shows that at 100% of the selected measuring points, the average sound levels exceeded the reference value of 50 dBA defined by the WHO for moderate annoyance during the day and evening [2]. For the 55 dBA threshold for severe annoyance, this percentage is only reduced to 92%. In an analogous way, it was verified that at 42% of the points, the value of 60 dBA established by Real Decreto 1367/2007 [4] as an objective for acoustic quality for the indicators Ld and Le in sectors of medical use is exceeded.



If these results are analysed taking into account the location of the measurement points (Figure 2), it can be seen that the points at which the highest values of the equivalent sound level were recorded were those located at the perimeter of the hospital (ST-10, ST-11 and ST-12) and near the cooling towers (ST-6). These results are mainly due to the proximity of the indicated points to sound sources such as road traffic and cooling towers, respectively.



The values obtained at the same points as the long-term measurements are analysed bearing in mind that in this case, the measurements were made at a height of 1.5 m above the ground. In the same way as for the results of the long-term measurements, it is observed that the northern facade (ST-3) receives the greatest impact of environmental noise, followed by the southern facade (ST-1). As indicated in the previous section, the main sound sources at these measurement points are the cooling towers and the traffic on Elvas Avenue, respectively. In this regard, it is interesting to note that the values measured at the east (ST-2) and west (ST-4) facades seem to decrease by a greater amount than at the south and north facades compared to the results for the long-term measurements during the day and evening. This effect may be due to the existence of acoustic shielding effects due to buildings and differences in ground heights that did not arise when microphones were placed at a higher height.




3.3. Environmental Noise Modelling


An environmental noise propagation model of the hospital and its surroundings was built. In this model, the following noise sources were introduced:

	
Noise sources related to traffic: eight roads (internal and external roads)



	
Noise sources associated with hospital activity: six cooling towers.








Factors such as the average speed of the vehicles, the type of road surface, the slope of the road, the number of light and heavy vehicles, the atmospheric conditions and the emission spectrums were taken into account. Figure 6 shows a three-dimensional view of the noise model of the University Hospital of Badajoz with a 1 m × 1 m receiver mesh at a height of 4 m above the ground.



The noise model was calibrated with the values obtained from the long-term measurements. In Table 4, results of long-term measurements and for the noise model in the same locations are presented.



As can be seen, except for point LT-2 and Ld value of point LT-3, the difference of levels in dBA for the parameters Ld, Le, Ln and Lden in no case was greater than ±2 dBA. Although there was bias of the simulation results towards noise values higher than those measured, the lower values of the difference indicated the suitability of the model, thus ensuring the subsequent results and conclusions derived.



It is well known that predictive methods offer a wide range of possibilities, since they offer the opportunity to place receivers at any point in the noise propagation model. Receivers were placed at the facades of the hospital, in order to evaluate the acoustic impact to which they were exposed.



As indicated in the methodology section, the architectural structure of the hospital is complex due to the different configurations of each floor of the buildings that compose it. In view of this, it was decided to place receivers on each of the different floors. Figure 7 shows horizontal sections of the building at different floors (marked in blue) and the locations of some of the receiver evaluation points at the different facades.



From an analysis of the results obtained from the receivers located on each of the floors of the main facades of the hospital, it can be concluded that the north and south facades receive a greater noise impact. It is important to remind that landing and take-off operations of the emergency helicopter at the heliport were not considered as a sound source during the simulations.



Figure 8 shows the results for the noise propagation model at different heights with a 1 m × 1 m receiver mesh. The south facade is oriented towards Elvas Avenue, which has a significant flow of road traffic. As the height of the receiver between the ground and third floors increases, there is a progressive increase in the measured level due to a possible reduction in acoustic shielding with respect to this road. This effect cannot be assessed between the fourth and eighth floors due to the different architectural configurations of these floors (see Figure 7 and Figure 8).



In the case of the northern facade, the sound levels registered are important, and are caused mainly by the cooling towers located in this area of the hospital. An increase in the height of the receivers located between the first and third floors of this facade shows a trend that is similar to the previous case. The sound levels increase slightly as the height increases, due to a reduction in the acoustic shielding of the cooling systems from the building itself. At this facade, the sound level remains remarkably high, even on the eighth floor. It is therefore observed that the influence of the cooling towers is very important in terms of the noise impact on the northern facade and this affected all floors assessed.



Finally, the results obtained for the east and west facades show that these have a lower exposure to environmental noise than the other two, although this does not mean that they are less important. Particularly at the east and south facades, the negative effects of take-off and landing operations at the heliport, which were observed in the long-term measurements but were not considered in the simulations, should be taken into account as an added factor.



After evaluating the exposure of each of the facades of the University Hospital of Badajoz on different floors, the suitability of the distribution of the different hospital services can be evaluated in terms of their situation with respect to the overall sound impact from external noise. The aim was to propose possible solutions for the management of the most noise-sensitive services and their relocation as far as possible away, bearing in mind that the hospital was built in the 1980s.



Table 5 shows the values estimated in simulations for during the day and night, the approximate length of each facade of the hospital and the number of receivers used. It also includes the percentage of highly sensitive areas at each facade using the following classification of the different hospital rooms depending on their sensitivity to noise and based on subjective criteria:

	
Highly sensitive area: patient wards, dormitories in general, surgical and treatment areas.



	
Moderately sensitive area: work areas, meaning those areas in which work is carried out that may be affected by high noise levels. This scale would include the offices of medical and administrative professionals, specialty consultations, laboratories and research centres, training rooms, etc.



	
Less sensitive area: areas in which a high level of noise would not cause any harm to patients and professionals. This area would include cafeterias, canteens, warehouses, archives, rooms with air-conditioning facilities, public toilets, etc.



	
Undefined area: areas or rooms that do not have an assigned fixed functionality.










4. Discussion


Based on the results obtained in both the long- and short-term measurements as well as simulations, the northern facade seems to be exposed to quite high levels of environmental noise that are even higher than some of the values recommended by international and national references such as WHO [2], USEPA [3] and Real Decreto 1367/2007 [4]. Bearing in mind that this is one of the facades of the University Hospital of Badajoz that has the highest percentage of areas highly sensitive to noise, it is necessary to take action on the main source of noise in this area of the hospital.



To achieve a significant reduction in noise levels on the north and west facades, it is important to acoustically isolate the source (cooling towers) or to move this source of noise to another area with a lower proportion of sensitive areas.



The south facade of the University Hospital of Badajoz, where 20% of the areas are highly sensitive to noise, is also highly impacted due to environmental noise, but in this case mainly due to road traffic on Elvas Avenue and access roads to the enclosure. Possible simple and known solutions to attenuate noise from Elvas Avenue could include the following:

	
Electric buses could be used on the lines running along this avenue towards the hospital and the university campus [55,56].



	
Although this road currently has a speed limit of 50 km/h in some sections, the vehicles generally travel at a higher speed. A radar could be placed here to ensure that vehicles do not exceed the speed limit [57,58].



	
Another option is to reduce speed limit from 50 km/h to 30 km/h [59].



	
Finally, traffic noise can be reduced by using porous asphalts [60].








A common solution in the propagation medium for reducing the impact of traffic noise is the use of acoustic screens. However, this option is not very effective in high buildings such as the University Hospital of Badajoz, so it has not been considered.



The southern facade of the hospital and the others are also affected by road traffic on the internal roads within the hospital enclosure. Some possible actions to mitigate the effects of this sound source would be to design the routes of the vehicles to circulate in the areas furthest away from the facades and to introduce traffic-light radar to reduce speeds.



The effects of the mitigation measures proposed can be seen in Table 6 and Figure 9. Table 6 shows the effects of some corrective actions individually and all together: The corrective actions considered are: (a) Speed reduction from 50 km/h to 30 km/h; (b) Use of porous asphalt and (c) 20 dB noise reduction for cooling towers. It can be seen that the main influence of road noise is at points 1 and 2 and that the influence of cooling towers is at points 3 and 4. Figure 9 shows a comparison of our noise model before any corrective action and after applying the following corrective actions all together.



The take-off and landing operations of the emergency helicopter are another sound source with great impact on the hospital, especially at the southern and eastern facades, due to their proximity to the heliport located at the front of the enclosure. To achieve an effective control of this sound source, it would be appropriate to relocate the heliport to an area further away from the building and to redesign the flight trajectories. Considering the hospital environment (Figure 1), it can be seen that it would be relatively easy to locate the heliport at a reasonable distance from the hospital, considering both the effect of the helicopter noise and the urgency of getting the emergency patient to the hospital as quickly as possible.



A series of possible solutions have been proposed here to attenuate the noise outside the University Hospital of Badajoz, primarily addressing the different sound sources. However, in order to reduce the impact of environmental noise on the most sensitive areas, it would be appropriate to prevent noise impact by redesigning the management of the interior spaces of the building, so that these areas could be oriented towards interior facades or less exposed to outdoor noise. It is a viable solution in the case studied and may be of interest as a criterion to be used both in other noise-sensitive buildings already constructed to solve problems associated with outdoor noise pollution and in the design phase of new buildings of this nature as a prevention system.



Although it is outside the scope of this paper, an attempt can be made to estimate the impact of environmental noise inside the hospital, excluding the internal noise sources. The overall insulation requirement of a facade according to Spanish legislation at the time of construction of the hospital was 30 dBA. The recorded sound levels at point LT-3 (shown in Figure 3) indicated that it was the point with the highest levels. Thus, it could be concluded that the noise level in this internal area of the hospital could be usually above 30 dBA, only due to external noise, which is the value that, according to WHO, should not be exceeded, but it could be within the USEPA recommendations. In the other three points, the internal noise levels would be sporadically exceeded by external noise due to the passage of the helicopter.




5. Conclusions


This paper presents a global assessment of the acoustic situation outside the University Hospital of Badajoz (Spain) due to outdoor sound sources. For this purpose, short- and long-term in situ measurements were carried out, and an environmental noise propagation model of the area under study was developed in which noise sources, such as road traffic and other sources associated with the activity of the hospital itself, were considered.



The values obtained for the different sound indicators by means of measurements and simulations show that the overall situation of the hospital should be improved. These values exceed the threshold of 50 dBA established by the WHO for moderate annoyance during the daytime and evening, and in many cases even exceed the threshold of 55 dBA for severe annoyance. In a similar way, the evaluation indicated that other important international reference values such as those issued by USEPA (55 dBA) and specific national guidelines (60 dBA) are also exceeded for the outdoor areas of hospital use.



From the results obtained from the measurements or the noise models, it can be deduced that the noise impact on this hospital is primarily influenced by three sound sources: road traffic, cooling towers of the hospital and the emergency helicopter landing and take-off operations. Their relative importance depended on the facade under consideration.



External and internal road traffic principally affected the southern facade of the hospital. For noise control, the main actions included a redesign of the access to the hospital, limitation of speed for vehicles and the introduction of traffic-light radars.



The north facade had more important noise impact. Cooling towers principally affected the north and west facades. Acoustic insulation of the sound source could considerably improve this situation.



The source with the highest acoustic power detected in this study was the emergency helicopter. Its effect was very important on the south facade and was significant on the east facade. The proposed action plans for this noise source were to redesign the flight trajectories and relocate the heliport to an area further away from the building.



A series of measures for action on the indicated sound sources were proposed to mitigate environmental noise at the facades of the hospital. In addition, management of the building’s interior spaces in order to reduce the noise impact of environmental noise on the most sensitive areas was suggested. These criteria could be useful for researchers or professionals not only for proposing action plans to mitigate the impact of environmental noise on buildings, but also as a preventive method against noise pollution in the design phase of new noise-sensitive buildings.
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Figure 1. Aerial view of the University Hospital of Badajoz (Google Maps). North is shown at the upper right corner. 
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Figure 2. Location of short-term (ST-1 to ST-12) and long-term (LT-1 to LT-4) measuring points (Google Maps). 
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Figure 3. Values for Ld, Le, Ln and Lden sound indicators at points LT-1 to LT-4 in the University Hospital of Badajoz. 
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Figure 4. One h interval time evolution of LAeq at the measuring points during the first week of long-term measurements. 
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Figure 5. Averaged values of LAeq for short-term measurements points ST-1 to ST-12 at the University Hospital of Badajoz. 
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Figure 6. 3D view of the results of the noise propagation model at 4 m. 
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Figure 7. Horizontal sections of the building at different floors (marked in blue) together with the locations of some of the receiver evaluation points at the different facades. (a) The ground floor plan; and (b) the fourth to eighth floor plan. 
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Figure 8. Noise propagation model at different heights. (a) H = 1.5 m; (b) H = 4.0 m; (c) H = 7.0 m; (d) 10.0 m. 
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Figure 9. Comparative of the noise model before and after corrective actions: (a) Without any corrective action. (b) After applying all the corrective actions. 
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Table 1. Description of long-term (LT) measuring points.
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	Point
	Facade
	Microphone Location
	Height from the Ground (m)/Floor
	Most Relevant Sound Sources
	Other Considerations





	LT-1
	South

(main)
	Balcony
	9

(1st floor)
	Road traffic noise from Elvas Ave. and access roads
	Closest point to the heliport



	LT-2
	East
	Roof
	35

(8th floor)
	Road traffic noise from access road to the hospital and car parks
	Near the heliport



	LT-3
	North
	Roof
	35

(8th floor)
	Road traffic noise from car parks

Cooling towers
	Farthest point from heliport



	LT-4
	West
	Balcony
	18

(3rd floor)
	Cooling towers
	Near the emergency entry
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Table 2. Description of short-term (ST) measuring points.
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	Point
	Location
	Other Considerations





	ST-1
	Below point LT-1
	Near the main entry



	ST-2
	Below point LT-2
	



	ST-3
	Below point LT-3
	Close to the gateway to the outpatient clinic area



	ST-4
	Below point LT-4
	Near the emergency entry



	ST-5
	Right rear edge of hospital enclosure
	Access to rear parking area



	ST-6
	Left rear area of hospital enclosure
	Near the cooling towers



	ST-7
	Front left side of the main building
	Car park street near the emergency access door



	ST-8
	Front left parking area
	Next to the access entrance of vehicles from Elvas Avenue



	ST-9
	Close to a crossroads located at the exit of the car parks in the hospital coffee shop area
	



	ST-10
	Next to Elvas Avenue
	



	ST-11
	Unpaved area on the front right side of the hospital
	Near the heliport



	ST-12
	On the road next to the unpaved rear parking area
	










[image: Table]





Table 3. Contribution of helicopter emergency operations to the Ld indicator at points LT-1 and LT-2.
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LT-1

	
LT-2




	

	
Ld (dBA)

	
Ld CALC (dBA)

	
∆Ld (dBA)

	
Ld (dBA)

	
Ld CALC (dBA)

	
∆Ld (dBA)






	
Event 1

	
62.4

	
56.0

	
6.4

	
59.5

	
56.7

	
2.8




	
Event 2

	
62.9

	
54.4

	
8.5

	
59.6

	
55.7

	
4.0




	
Event 3

	
61.6

	
55.6

	
6.0

	
58.3

	
56.4

	
2.0




	
Event 4

	
62.3

	
54.1

	
8.2

	
59.9

	
55.5

	
4.4




	
Event 5

	
62.4

	
52.9

	
9.5

	
58.8

	
53.8

	
5.0
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Table 4. Comparison of long-term noise levels measured and simulation results.
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In Situ

	
Simulation Results

	
Differences




	
Point

	
LT-1

	
LT-2

	
LT-3

	
LT-4

	
LT-1

	
LT-2

	
LT-3

	
LT-4

	
LT-1

	
LT-2

	
LT-3

	
LT-4






	
Ld (dBA)

	
56.6

	
57.0

	
57.1

	
54.6

	
57.4

	
60.0

	
60.2

	
56.3

	
−0.8

	
−3.0

	
−3.1

	
−1.7




	
Le (dBA)

	
54.9

	
55.0

	
57.2

	
53.9

	
56.5

	
58.7

	
58.9

	
55.8

	
−1.6

	
−3.7

	
−1.7

	
−1.9




	
Ln (dBA)

	
49.8

	
49.7

	
54.3

	
50.5

	
51.3

	
52.8

	
55.4

	
51.7

	
−1.5

	
−3.1

	
−1.1

	
−1.2




	
Lden (dBA)

	
58.5

	
58.6

	
61.6

	
58.1

	
59.8

	
61.8

	
63.2

	
59.6

	
−1.3

	
−3.2

	
−1.6

	
−1.5











[image: Table]





Table 5. Sound levels obtained at facades and percentages of areas highly sensitive to noise.
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	Orientation
	Length (m)
	Nº of Assessment Points
	% of Highly Sensitive Areas
	Ld (dBA)
	Ln (dBA)





	East
	155
	3
	8%
	48–55
	42–48



	South
	132
	5
	20%
	54–57
	48–51



	West
	140
	8
	5%
	49–58
	45–57



	North
	120
	6
	43%
	38–61
	43–61
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Table 6. Noise level received in each of the facades of the hospital according to our model after applying different corrective measures.
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Ld (dBA)

	
Le (dBA)

	
Ln (dBA)

	
Lden (dBA)






	

	
Receiver 1 (south)

	

	

	

	




	
1

	
Initial situation

	
56.4

	
57.4

	
51.4

	
59.9




	
2

	
Speed reduction from 50 km/h to 30 km/h

	
56.4

	
57.4

	
51.4

	
59.8




	
3

	
Use of porous asphalt

	
55.5

	
56.5

	
50.5

	
59.0




	
4

	
20 dB noise reduction for cooling towers

	
56.4

	
57.4

	
51.4

	
59.8




	
5

	
All corrective measures together

	
55.5

	
56.5

	
50.5

	
58.9




	

	
Receiver 2 (east)

	

	

	

	




	
1

	
Initial situation

	
58.7

	
59.9

	
52.8

	
61.8




	
2

	
Speed reduction from 50 km/h to 30 km/h

	
58.6

	
59.9

	
52.8

	
61.8




	
3

	
Use of porous asphalt

	
57.7

	
59.1

	
52.0

	
61.0




	
4

	
20 dB noise reduction for cooling towers

	
58.7

	
59.9

	
52.8

	
61.8




	
5

	
All corrective measures together

	
57.7

	
59.1

	
52.1

	
61.0




	

	
Receiver 3 (north)

	

	

	

	




	
1

	
Initial situation

	
58.9

	
60.2

	
55.5

	
63.2




	
2

	
Speed reduction from 50 km/h to 30 km/h

	
58.9

	
60.2

	
55.4

	
63.2




	
3

	
Use of porous asphalt

	
58.5

	
59.9

	
55.3

	
63.0




	
4

	
20 dB noise reduction for cooling towers

	
56.2

	
58.2

	
50.6

	
59.7




	
5

	
All corrective measures together

	
55.3

	
57.7

	
49.9

	
59.0




	

	
Receiver 4 (west)

	

	

	

	




	
1

	
Initial situation

	
55.7

	
56.2

	
51.7

	
59.5




	
2

	
Speed reduction from 50 km/h to 30 km/h

	
55.6

	
56.2

	
51.6

	
59.5




	
3

	
Use of porous asphalt

	
55.1

	
55.6

	
51.3

	
59.0




	
4

	
20 dB noise reduction for cooling towers

	
54.0

	
54.5

	
48.4

	
57.0




	
5

	
All corrective measures together

	
52.9

	
53.5

	
47.3

	
55.9












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
..:- ML
“ﬂn..:.

“§ Y]
TR

At

i S R o - 3 ’
| J‘("A—‘..l*‘!i o - 1!\“- t."tl l!.. - "l."lﬁ.,..'t \.\h‘ M "
1‘. ?o@ -.3;‘- . m f @ N . — u. . "M r i
. . a
pot Iv .m <<
o
iE

P »
.....uL ‘ w. ; ¢
ﬁ " by ¥ ~a
.”.m . < i ?M mm
..-.....,..”m i M mﬁ % o
ez NV
.J...“ “mw_.; ..r/;t(
B ESL ;
e | e L4
Ly —uw “a
A o. Mo T
T L .uL -
"uo!f.o..&_ \.._
— _“—. i ».
MUUS AL
L -
.r....,. %;.r. p

-——— . e BT

“ograrecet ant marenr | LE WA

LB TR

!
e T
LA LR | B





media/file18.png





media/file3.jpg





media/file19.jpg
> 3508
—
> 45048
> 50048

1> 55008
- 0008
> 6508
> 70048
75048
0048
> 85048






media/file7.jpg
—ITL —IT2 —IT3 —IT4

(vep)yT bav]

17:00
10:00
3:00
20:00
13:00
6:00
23:00
16:00
9:00
2:00
19:00
12:00
5:00
22:00
15:00
8:00
1:00
18:00
11:00
4:00
21:00
14:00
7:00
0:00





media/file10.png
Averaged Leq (dBA)

80

~
(%))

~
o

=)
92

=)
o

o
(%))

wn
o

45

Averaged LAeq (dBA) - - = WHO: moderate annoyance
- R.D. 1367/2007 - = = WHO: serious annoyance

ST points





media/file14.png
a8 T

L l.(lllql.ll

\x

gl J

T A

TIEE

Wi
&y

i

e eaunaN TS

=

\

)

a

(





media/file11.jpg





media/file6.png
dBA

70

60

50

40

30

20

10

Ld

Le Ln

Working days

miT-1

Lden

Ld

LT-2 WLT-3 =~ LT-4

Le Ln

Non-working days

Lden

Ld

Le

Ln

Overall

Lden






media/file15.jpg
.- 35008
.- 40008

> 45008
[ > 500d8
> 5508
> 60008
> 65008

> 70008
> 75008
> 80008
> 85008





nav.xhtml


  environments-06-00041


  
    		
      environments-06-00041
    


  




  





media/file2.png
= MAIN ROADTO CITY CENTERAND PORTUGAL

e — e ce— et






media/file20.png
B > 35.0dB
B> 400dB
[ |> 45.0dB
> 50.0dB
[ |> 550dB
B > 60.0dB
B > 65.0dB
B> 7004dB
B > 75.0dB
B > 80.0dB
> 85.0 dB

r





media/file5.jpg
dea

BT =72 LT3 ST

W le  In lden e tn lden

Working days Non-working days





media/file1.jpg
MAIN ROAD TO CITY CENTER AND PORTUGAL






media/file16.jpg





media/file12.png
0.0 dB
O dB






media/file9.jpg
Averaged Leq (dBA)
¢ &8 & ¥ o

g

a5

= Averaged LAeq (dBA)
- - ~R.D.1367/2007

WHO: moderate annoyance

WHO: serious annoyance

5

6 7
ST points

10

1

12





media/file0.png





media/file17.png
L B > 35.0dB
B> 4004dB
[ |> 45.00dB
> 50.0dB
> 55.0dB
B > 60.0 dB
B > 65.0dB
B 700dB
B > 75.0dB
B > 80.0dB
> 85.0 dB

v






media/file8.png
—lT]l —=—=|T2 e——|T3 -—LT4

75

(vap)yt bayi

17:00
10:00
3:00
20:00
13:00
6:00
23:00
16:00
9:00
2:00
19:00
12:00
5:00
22:00
15:00
8:00
1:00
18:00
11:00
4:00
21:00
14:00
7:00
0:00





