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Abstract

:

The aim of this research is to propose a more sustainable swimming pool, in terms of water and energy, in the Costa Brava area. The methodology is focused on the creation of a descriptive water and energy model for swimming pools and their monitoring, to propose the transition to a more sustainable swimming pool, in the context of climate change. The research is characterized by an exploratory, descriptive, and simulation approach to adapt swimming pools to the new requirements. Two significant impacts are highlighted from the perspective of water and energy stress—the carbon footprint, related to environmental impact and climate change, and the new business models of the sector, for a more sustainable tourism, with more sustainable pools. In terms of water balance, evaporation is an important variable and there are technical solutions on the market to control it, such as the use of covers. Furthermore, the modeling and simulation carried out helps to calculate the variable as a tool for improvement. For energy balance, in outdoor pools, pumping is an important variable and there are technologies, such as speed variation, that make it possible to reduce this. Furthermore, it should be noted that this research represents an important tool for the improvement of sustainability and operability for the various stakeholders, especially owners and governments, to face climate change, which is becoming increasingly critical for many regions.
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1. Introduction


The experiences resultant from the COVID-19 pandemic and climate change represent an unprecedented challenge for ecosystems and societies at a global level. Climate change significantly affects areas with a Mediterranean climate and a high tourist density, such as the Costa Brava in Catalonia [1,2,3,4,5,6,7]. These areas face unique challenges due to the importance and the large mass of tourism they receive, with the need to manage water and energy resources efficiently [8,9,10].



In Catalonia, and particularly the Costa Brava, a tourist area that experiences a large arrival of visitors during the summer period, the significant increase in population causes major complications in the management of resources and the handling of the produced waste. This increase in population, which multiplies several times the usual number of inhabitants, leads to a higher energy and water consumption, increased mobility problems, and waste generation, with a significant environmental impact [11,12,13].



Hotel swimming pools play a crucial role in the tourism offerings of these hotel establishments [14,15,16], since they are one of the sector’s main attractions for clients and offer a space for recreation and relaxation that complements the visitors’ experience.



Swimming pool water, exposed to a wide variety of contaminants, such as air and environmental pollutants; contaminants introduced by bathers; and their subsequent microbial growth, requires strict physicochemical treatment to ensure water safety, health, and quality [17]. This includes filtration to remove solids and the use of chemicals to neutralize pathogenic microorganisms and maintain the water balance. Public pools are subject to higher levels of government regulation and supervision, due to the higher number of users [18]. These regulations require specific water quality standards and regular testing and maintenance protocols to protect public health, by ensuring that water treatment processes meet established safety criteria [19], and must adapt to new scenarios by implementing technologies and practices that reduce their environmental footprint [12,20,21,22].



Catalonia is currently experiencing a major drought period, with both ecological and socio-economic challenges. The decrease in rainfall in the region, partly attributed to climate change, has led to a critical decrease in the available water levels; the regional Government (Generalitat de Catalunya) has decreed a state of emergency, due to hydrological drought. This drought decree has imposed a series of staggered restrictions in three emergency sub-phases, which include limitations on the human consumption of water, as well as on agriculture, livestock, and industry. In addition, the initiation of new water-intensive projects has been prohibited.



In the specific case of swimming pools, indoor pools registered in the sports equipment database of the Generalitat de Catalunya can only replace the water lost daily, but these pools cannot be filled from scratch. Sports clubs that use pools for federated sports may also refill water. However, in the private and tourist sector, private swimming pools, as well as swimming pools in hotels, campsites, and water parks, cannot be refilled [23,24].



The aim of this research is to propose a more sustainable swimming pool, in terms of water and energy in the Costa Brava area, using contrasted indicators, by means of a descriptive model of swimming pools, and a simulation that monitors swimming pools in the area, in order to determine key actions and measures to tackle climate change. This area has a Mediterranean climate, with regular periods of drought [25,26,27], and has a large number of swimming pools, as a major tourist asset in the hotel sector. Another relevant issue related to the sustainability of swimming pools is the reduction in chemicals and waste, which will be analyzed in future research.



Consequently, the situation promotes considerable challenges in the tourism sector, as water scarcity not only limits the recreational offer related to swimming pools, but also calls for a re-evaluation of practices and strategies to ensure sustainability and environmental responsibility in the sector. It is, therefore, imperative to explore how swimming pools become more sustainable to mitigate their environmental impact. This includes water savings, through reduced evaporation and water recycling, and energy efficiency, through the use of renewable energy and more efficient systems. These measures not only respond to the need to conserve natural resources, but also to the economic pressure resulting from the energy crisis and they present an opportunity to innovate and transform the Catalan tourism industry towards a more efficient business model.



The sustainability of swimming pools is an important issue and correlates with climate change, so it is imperative to innovate more efficient pools in the use of limited resources such as water and energy [20,28]. The research in this field is evolving, as pandemics, climate change, and the technological revolution are changing the management systems of organizations [7,28,29,30,31]. The literature review highlights the sustainable management of swimming pools, focusing on water stress, energy stress [17,30,31,32], and applicable legislation [19,32,33,34]. It is worth remarking that the literature indicates that climate change will drive new research to continuously improve swimming pools, in the face of these new scenarios [35,36]. On the other hand, this review addresses the concerns of the hotel sector regarding technological and behavioral changes, in the context of governmental legislation to control and mitigate the effects of drought [11,12,37,38,39,40,41].



A significant problem in the area analyzed is water evaporation [3,42] and another is energy stress, due to access and the high cost of energy due to geopolitical conditions [36]. It is highlighted that green and renewable energy does not have a carbon footprint, unlike other energy alternatives [21,40,43,44].



The tourism sector under study, in areas with a Mediterranean climate, shows a growing sensitivity towards environmental sustainability and seeks to innovate in the operation of swimming pools in hotel establishments, to respect the water and energy balance [9,45,46]. The Costa Brava and the Catalan tourism sector, being large consumers of water and energy, are seeking efficiency in the use of these resources [47,48,49].



During drought periods, such as the current one, concerns in the hotel sector increase and the will of the sector is to mitigate the effects of the drought, in line with government regulations [23]. To tackle the problems arising from pool water balance and water evaporation (with a high evaporation rate due to climate change), simulation models are applied to predict the amount of water lost through evaporation, as a key environmental parameter [3,42,50,51,52,53,54,55,56].



Another measure, which improves energy and water consumption, is rainwater harvesting [28]. Pool design also influences water and energy stress and there are studies that simulate evaporation, considering variables such as water temperature, relative humidity, and pool occupancy [57,58,59,60,61]. Consequently, the water and energy challenges of swimming pools are increasingly being assessed [2,9,62]. In particular, research at the energy level focuses on filtration during recirculation and disinfection for the healthiness of the pool; others concern water stress in the filter washing process and water recovery, with technologies that simulate evaporation, using various variables, such as temperature, relative humidity, occupancy, and other parameters [51,52,63,64,65,66,67,68,69]. The studies related to filtration during recirculation and disinfection to ensure pool sanitation [70] and the studies of water stress in the filter cleaning process [29,71,72] and water recovery [73,74,75,76] are of great importance in the research presented here. Regarding energy stress, water heating is a major challenge and air conditioning and dehumidification entail significant energy expenditure [36,77,78,79]. To improve this expenditure, efficient heating with appropriate heat pumps is essential [80,81]. To this end, there are energy simulation models that aim to improve the energy efficiency of swimming pools [28,82,83,84]. Specifically, energy stress drives efficient optimization studies through the prediction of energy consumption and savings, as well as the improvement of the energy cycle of swimming pools [85,86,87,88,89,90]. Regarding the use of renewable energy, such as solar energy, for heating swimming pools, there are studies that seek to achieve an energy balance between all the alternatives [35,36,43,78,85,91,92,93,94].



It should be highlighted that descriptive water and energy models are available in the literature [60,84,85] which have contributed to the consideration of the descriptive models presented in the research under study.



Thus, the issues of concern in the literature, at the level of water stress, are evaporation [42,50,51,52,53,54,56,63,65,66,67,68,69,83], filter backwashing [29,61,72,75,76], and water reuse and disinfection [71,74,76]. Regarding energy stress, the literature is based on energy consumption and cost [20,28,30,77,85,86,90], heating [31,78,79,81], simulation models and applicable technology [35,58,60,65,84,86,89], solar systems to reduce consumption [35,36,43,91,92,93,94], and carbon footprint [12,20,21,22].



The literature review highlights two significant impacts in the field of swimming pools from the perspective of water and energy stress—the carbon footprint, related to environmental impact and climate change, and the new business models of the hotel sector, at a social level, for more sustainable tourism, with more sustainable swimming pools. [95,96,97,98,99].




2. Materials and Methods


The methodology of this research focuses on the creation of a descriptive water and energy model for swimming pools and the monitoring of three swimming pools in the area under study, to propose the transition to a more sustainable swimming pool, in the context of climate change. This research is characterized by an exploratory, descriptive, and simulation approach to adapt the pools to the new environmental scenarios. The monitoring of the three pools makes it possible to evaluate the consumption of resources, with a view to increasing water and energy efficiency to reduce the environmental impact.



After the introduction, the literature review and the methodology of the study are presented, the data are analyzed, and the results obtained are presented, together with a discussion of the results, to enhance the sustainability of swimming pools in terms of water and energy, using contrasted indicators, with actions, in this respect, to tackle climate change. Finally, the conclusions of this study, its limitations, and future lines of research are presented.



2.1. Hydraulic Model of the Pool


In order to establish a water model that reflects the balance between the volumes of water entering and leaving a pool, Figure 1 illustrates a schematic of the water recirculation line, with its main components and the inflows and outflows. This analysis will focus on the water dynamics, leaving the study of the chemical water treatment processes for a later investigation. In the proposed scheme of the hydraulic circuit, the light blue arrows will symbolize the variations in the volume of water contained in the pool.



Once this water model has been established, the water consumption of the facility can be calculated. With this information, the necessary measures to reduce water consumption will be determined, which is essential for both the environmental sustainability and operational efficiency of the pools. These measures could include the implementation of more efficient recirculation systems, the adoption of water treatment technologies that minimize filtration and evaporation losses, and the integration of water management practices that promote the rational use of water.



This holistic approach not only helps to conserve water, an increasingly limited resource, but can also offer significant economic benefits by reducing the operational costs associated with filling and maintaining pools. This approach isolates the variables that directly affect the water balance and facilitates understanding of the physical processes that govern the recirculation system.



Table 1 sets out and explains the main variables that make up the hydraulic circuit of a swimming pool, a fundamental aspect for the maintenance and efficient management of water. These variables cover not only the volume of water moving through the filtration and recirculation system, but also important aspects such as freshwater addition rates, evaporation, usage, and cleaning losses. Understanding these components is vital to ensure optimal water quality, while maintaining the efficient use of water and energy resources.



To calculate the water balance of swimming pools, it is necessary to consider the variables in Table 1 and the variables that are input and output of the pool system. Equation (1) determines the variation of the volume of water in the pool system (Vwp) over time:


    d   V   w p     d t   =   V   f i l l   +   V   r a i n   −   V   f b w   −   V   e v a p   −   V   r e n e w   −   V   w l e a k   −   V   o v e r f   −   V   s p l a h o u t    



(1)







This equation could be simplified in the case that a stationary aquatic system in balance is considered, which, under normal conditions, is the normal condition for swimming pools and, where the filling water compensates the water losses of the rest of the variables, Equation (2) responds to this simplification:


    V   f i l l   =   V   f b w   +   V   e v a p   +   V   r e n e w   +   V   w l e a k   +   V   o v e r f   +   V   s p l a h o u t   −   V   r a i n    



(2)







The discussion on these hydraulic variables is developed when considering their direct impact on the environmental sustainability of aquatic facilities. For example, a high evaporation rate not only increases the demand for freshwater, but also increases energy consumption, due to the need to heat more water to replace the lost water, in the case of indoor pools with water heating systems. Furthermore, a detailed understanding of filtration and usage losses can lead to the implementation of more efficient strategies, such as coating systems that reduce evaporation or advanced filtration technologies that minimize the need for frequent water replacement.



Additionally, this detailed analysis of the variables of the hydraulic circuit underlines the importance of adopting an integrated approach to water management in swimming pools, which not only considers the operational and maintenance aspects, but also the environmental and economic impacts of these practices. The adoption of innovative and sustainable technologies, together with efficient management practices, can lead to a significant reduction in water consumption, thus contributing to the overall sustainability of aquatic facilities.




2.2. Energy Model of the Pool


Figure 2 below depicts a schematic of the energy balance in swimming pools, a critical component in understanding how energy resources are managed and can be optimized in these facilities. This diagram covers various factors that affect energy consumption and conservation, such as water heating, filtering and pumping systems, thermal losses through evaporation, and thermal transmission to the environment. The lighting system is not considered in this scheme.



The energy balance of a swimming pool is defined as the relationship between the energy supplied to the system and the energy lost or used by it. This balance is fundamental for implementing energy efficiency and sustainability measures, considering aspects such as the following:




	
Thermal losses: Evaporation of water is a significant source of heat loss in swimming pools, especially in outdoor pools. The use of covers or dehumidification systems in indoor pools can control these losses. In addition, the thermal insulation of the pool and minimizing transmission losses through the pool walls and bottom are key strategies to maintain a favorable energy balance.



	
Water heating: The energy required to heat pool water represents one of the largest energy demands. The use of more efficient heating systems, such as heat pumps, solar thermal systems or grey water heat recovery, can significantly reduce this consumption.



	
Filtration and pumping systems: These systems are essential for maintaining water quality, but they also consume energy. Optimizing their operation and using energy-efficient equipment can reduce the associated energy costs.



	
Air conditioning system: The air conditioning and heat treatment system in indoor swimming pools controls temperature, humidity, and air quality, ensuring comfort and protecting the infrastructure.








The implementation of practices and technologies that improve the energy balance not only contributes to environmental sustainability, but also represents a reduction in the operating costs of swimming pools. The detailed evaluation of the energy balance scheme, as shown in Figure 2, is an essential step towards understanding and improving energy efficiency in these facilities.



Table 2 shows the main variables for defining the heat balance of swimming pools. These variables refer both to the heat balance and its elements, as well as to the energy required for the correct operation of the system.



To calculate the energy balance of swimming pools, it is necessary to consider the variables in Table 2 and to consider the input and output variables of the pool system. Equation (3) represents the heat variation of the pool water system for stationary conditions, where all the heat input is used to compensate for the heat losses of the system:


    Q   g a i n   −   Q   l o s s   = 0  



(3)




where, on the one hand, Qwf corresponds to the heat necessary to compensate the water renewal of the pool and, thus, compensate the heat losses due to filter cleaning and other water losses, as can be seen in the water balance above.



So, Qgain (heat gained) and Qloss (heat lost) would be as follows in Equation (4).


    Q   g a i n   =   Q   h e a t i n g   +   Q   r a d    



(4)






    Q   l o s s   =   Q   c o n d   +   Q   c o n v   +   Q   e v a p   +   Q   r a d   +   Q   w f    



(5)






    Q   h e a t i n g   =   Q   c o n d   +   Q   c o n v   +   Q   e v a p   +   Q   r a d   +   Q   w f   −   Q   r a d    



(6)







Equation (6) is the general formula for the necessary heat to be provided by the pool water heating system through the energy consumption, Pp.



The energy needs to carry out the filtration and water treatment of the pool depend on the volume of the pool and the recirculation time and, with these parameters, the filtration flow rate is calculated to select the pump, as can be seen in Equation (7).


  T o t a l   r e c i r c u l a t e d   f l o w   r a t e         m   3     h     =   Q   t o t a l           m   3     h     =   P o o l s   w a t e r   v o l u m e   (   m   3   )   R e c i r c u l a t i o n   t i m e   ( h )    



(7)







The following equation is used to calculate the pump power:


    P   b   = γ     Q   t o t a l       h   b    



(8)




where




	
    P   b     i s   t h e   h y d r a u l i c   p o w e r   o f   t h e   p u m p ,   i n   W  



	
  γ   i s   t h e   s p e c i f i c   w e i g h t   o f   t h e   f l u i d   9800   N     m   3       f o r   w a t e r    



	
    Q   t o t a l     i s   t h e   r e c i r c u l a t e d   f l o w   r a t e ,   i n       m   3     s    



	
    h   b     i s   the manometric head (pressure) at which the pump works, in m.w.c.   ( m e t r e s   o f   w a t e r   c o l u m n )  








The next step is to calculate the electrical power consumed by the filtration pump, which is calculated using Equation (8).


    P   1   =   P   i n p u t   =     P   b       η   b       η   m      



(9)




where




	
    P   1   =   P   i n p u t     i s   t h e   i n p u t   p o w e r   f r o m   t h e   e l e c t r i c i t y   m a i n s ,   i n   k W  



	
    P   b     i s   t h e   h y d r a u l i c   p o w e r ,   i n   k W  



	
    η   b     i s   t h e   p u m p   e f f i c i e n c y  



	
    η   m     i s   t h e   m o t o r   e f f i c i e n c y  








Regarding the calculation of the thermal treatment and humidity needs of the pool, this study does not consider these needs and this variable will be studied in future research.




2.3. Experimental Design of Monitoring and Simulation in Swimming Pools


In the process of designing and implementing an experimental study aimed at optimizing swimming pools and their water use, special attention has been paid to the specific characteristics of hotel swimming pools located on the Costa Brava. Given that most of these pools are outdoor and do not have water heating systems, water resource management emerges as a critical challenge. This challenge is increased in the current context of the drought crisis in Catalonia, a phenomenon that, influenced by climate change, is expected to become more recurrent in the future. It is important to bear in mind that the various simulation models for predicting the amount of water lost through evaporation are empirical, with key environmental parameters [3,41,49,50,51,52,53,54,55].



In this study, the aim is to model the water balance of a swimming pool and, if we concentrate on evaporation through simulation, based on the initial monitoring of three swimming pools from July 2023, anticipating the incorporation of more installations in the future.



The objective is to identify which simplified evaporation calculation model aligns most closely with actual measurements. This validation process relies on two sets of meteorological data—one coming from a weather station installed on-site next to one of the pools and the other one obtained through an external API (Wunderground—https://www.wunderground.com/ (accessed on 17 April 2024)).



The use of local data is indispensable for accurate and contextualized measurements; however, the integration of data from an external API such as Wunderground presents an opportunity to project evaporation conditions at multiple locations without the need to implement additional meteorological infrastructure at each site. This strategy would allow for the anticipation of evaporation rates and, therefore, facilitate informed decision making regarding the implementation of measures to minimize water losses and optimize the operational management of pools.



This methodological approach not only demonstrates the application of simulation and data analysis technologies in the field of aquatic resource management, but also underlines the importance of innovation in the search for sustainable and efficient solutions to the operational and environmental challenges associated with pool maintenance.



For pool evaporation modeling in academia, as already indicated in the literature review section, several predictive models of water evaporation in pools and other bodies of surface water, based on experimental data, have been recognized [50,51,52,54,55,56]. It is important to note that the various simulation models aimed at predicting the amount of water lost through evaporation are based on empirical approaches. These models evaluate the amount of water evaporated as a function of environmental parameters.



Two methods with a long academic tradition have been used to calculate the evaporation rate in the experiment.



On the one hand, we have the Penman equation [54]:


    E   0   =     700   T   m     100 − A   + 15 ( T −   T   D   )   ( 80 − T )     (   m m   d a y   )  



(10)




where


    T   m   = T + 0.006   h  



(11)








	
    E   0     is the evaporation value, in mm/day per unit area of the pool.



	
  T   is the average temperature.



	
  A   is the latitude, in degree of the location.



	
    T   D     is the temperature of Dew.



	
  h   is the height above sea level of the location.








On the other hand, the formula described by Meyer in his study “Evaporation of Surface Water Bodies. A Compendium of Water Resources Technology” (1915), which is, even today, one of the most widely used methods for evaluating the evaporation of surface water bodies. The formula of this study is described in Equation (10).


    E   0   =   K   M       e   w   −   e   a       1 +     u   9     16     (   m m   d i a   )  



(12)




where


    u   h   = C   h   1 / 7    



(13)






      e   a       e   w     = R e l a t i v e   h u m i d i t y   ( % )  



(14)








	
    E   0     is the evaporation value, in mm/day per unit area.



	
    K   M     is a coefficient that depends on the depth of the water body (0.36 for deep water bodies and 0.5 for shallow or shallow water bodies). For swimming pools, 0.5 is used as the coefficient     K   M    .



	
    e   a     is the saturation pressure of water vapour at water surface temperature (mmHg).



	
    e   w     is the saturation pressure of water vapour above the water surface at a given height (mmHg).



	
    u   9     is the daily average wind speed at a height of 9 m above the surface (km/h).








With these premises, the installations are monitored and simulated. The graphs of the installations reflect the results of the simulation for a period of approximately 1 year.



Figure 3 shows the data collection and simulation of installation 1, on a daily basis, in liters.



The punctual nature of the daily evaporation values makes their direct interpretation difficult; therefore, the use of cumulative values over a period of time is recommended for a more comprehensive understanding of the phenomenon. This is illustrated in Figure 4, where the cumulative data for the same installation is displayed. The cumulative representation allows for an appreciation of the underlying trends and patterns in evaporation behavior, consequently facilitating analysis and decision making based on a longer time frame.



Similarly, Figure 5 shows the daily collection data for installation 2.



Figure 6 shows the cumulative data for installation 2.



In the context of the outdoor swimming pool installations under study, it is important to mention the absence of water heating systems. This particularity means that the main energy requirement originates from the pumping process that is necessary for water filtration. Currently, a simulation of the energy consumption is being carried out and this simulation process is decisive for the identification of opportunities to improve the energy efficiency of outdoor swimming pool facilities.



Figure 7 shows the pool filtration energy consumption, in kWh, overlaid on the recirculation rate of the pool water through the filtration system, in number of recirculations.



In this installation, the filtration pump has a frequency variator that allows the pump to adapt to the filtration needs, providing the necessary power for water filtration at all times and, therefore, adjusting the energy consumption to the needs of the installation.



Figure 8 shows the same graph as above, but for installation 2.



In this case, the installation’s pump does not have a speed variation, so it works in an all-or-nothing regime. Therefore, it cannot adapt to the filtration needs and always works at maximum speed. This is sometimes not necessary, which means that energy consumption is higher in this case.



In the case of installation 3, it is experiencing certain technical problems that affect the quality and comparability of its data with respect to the other two installations. Consequently, corrective actions are being carried out with the aim of re-establishing the proper functioning of the installation, to ensure that the data collected are consistent and comparable with those obtained in the other two installations.





3. Results


In the water model described in Equation (2), where, on the one hand, we have the volumes of water that enter the pools to compensate for the various water loss variables and, thus, maintain the volume of water balanced, it is highlighted that the main indicators to be taken into account for the sustainability of the pools are the following: volume of water lost due to evaporation; volume of water lost during filter backwashing; and volume of water lost due to lack of watertightness of the pool shell or the pool’s hydraulic system. The rest of the water loss variables are minor and, under normal conditions, do not represent a significant value with respect to these three indicators.



It is important to note that, depending on the specific characteristics of each installation, the critical variables may change, which underlines the importance of adapting the analysis to the particular conditions of each case.



Evaporation is one of the most important factors in water consumption in swimming pools, as evidenced in the scientific literature. This variable is identified as one of the main vectors of water loss, thus underlining its importance within the set of elements to be considered in efficient water management.



As far as water losses during backwashing are concerned, there are no academic studies that find a simulation equation, for this reason, and with the aim of being more efficient in the development of the research, it has been left for a later analysis.



An important case to analyze concerns water losses due to leaks in the system, which, if they occur, can be the main problem to tackle.



To address these factors, a number of potential solutions are already available in the pool market, including various filtration systems that do not require backwashing, such as regenerative media filters, ceramic filters, and other systems. In turn, to counteract water loss through evaporation, pool covers represent one of the most effective options. Consequently, monitored pools include both those equipped with covers and those without. In addition, automatic pool monitoring can quickly highlight any problems, allowing corrective action to be taken quickly and thus minimizing water loss.



In the energy model described above, there are major differences in the relevant variables between the two main types of swimming pools—indoor pools, which are usually equipped with heating systems, and outdoor pools, which usually do not have such a system. Therefore, the main variables for each system are as follows:




	
In heated indoor pools, the largest energy consumption is attributed to the water heating system described in Equation (6), where a steady-state installation, on one side of the equation, and the heat produced by the pool heating system offsetting, on the other side of the equation, all describe the various heat loss variables of the pool. This is a critical factor, as maintaining a comfortable pool water temperature requires a significant amount of energy, especially in colder climates or during low temperature seasons.



	
On the other hand, in outdoor pools, where water heating systems are not usually used, the main energy consumer is the filtration system described in Equation (9), which describes the calculation of the power required by the filtration pump to recirculate the water, which is necessary for the correct treatment of the water. Filtration pumps are essential for maintaining water quality, removing impurities, and ensuring adequate sanitary conditions for users. However, these systems require a continuous use of energy to operate effectively.








Regarding the detailed interpretation of the data obtained from the evaporation simulation model in the monitored installations, it provides interesting results, especially in the cumulative data presented for the installations. Despite presenting similar characteristics, the analysis of the slopes in Figure 4 and Figure 6, for installations 1 and 2, respectively, where we can see that the green curve, corresponding to the cumulative value of water input between the pool renovation refilling water and the rainwater collected on the surface of the pool, corresponds to the real water consumption. This value corresponds to the actual water consumption monitored to keep the installation in water balance and reveals that each installation experiences a different water consumption. This variability underlines the influence of the factors on water consumption, specific to each installation, that must be considered.



Finally, in the interpretation of the energy consumption data, Figure 7 and Figure 8, for installations 1 and 2, respectively, where the energy consumption curves of the filtration pump are shown in superposition of the value of the number of water renewals for treatment. It can be seen that, in the case of installation 1, where the pump has a frequency variator that modifies the speed and, therefore, the power of the pump, adapting to the physical needs of the installation in terms of water treatment. In this installation the energy consumption is lower than in the case of installation 2, which does not have this technology.



This implicates that, in order to effectively assess the sustainability of swimming pool facilities, it is important to take into account facility-specific factors such as location, equipment, and use, as well as more unique factors. Adjusting the analysis to these individual aspects allows more precise and applicable sustainability strategies to be developed. In addition, establishing a model for swimming pools is essential for benchmarking sustainability assessments, providing a framework for identifying areas for improvement and tracking progress toward sustainability goals.




4. Discussion


Adapting swimming pools to the context of climate change is essential to ensure their sustainability. The focus on water savings and energy efficiency, based on an exploratory descriptive analysis, offers a viable framework for mitigating the environmental impacts associated with these infrastructures.



Evaporation, as can be seen in the model as well as in the academic literature analyzed, is a critical variable to be considered and there are solutions on the market to minimize it and, in the case of swimming pools outside the bathing season, almost eliminate it. This can be seen in the effectiveness of the pool cover in installation 2, which shows a significant impact on water conservation. Furthermore, after the end of the bathing season in mid-September and the permanent installation of the cover, the water consumption curve remains practically flat, showing a drastic reduction in water consumption. According to the monitoring data, the efficiency of the cover is estimated at 96% for this installation. In addition, this type of solution also significantly helps, in the case of pools with a heating system, to conserve the heat of the installation.



On the other hand, water consumption is differentiated between the two facilities and, despite having similar characteristics, it is revealed that each facility experiences different water consumption. This variability underlines the influence of facility-specific factors on water consumption and the location and use of the pool.



In addition to the effect of the cover, the off-season evaporation in installation 1, without this component should be considered, whereby a decrease in evaporation is noted outside the bathing season compared to the summer season. However, the absence of a cover results in continuous evaporative water losses throughout the year. The use of pool covers not only significantly reduces water consumption, but also improves running costs by minimizing the need for filtration and water treatment, thereby reducing the entrance of contaminants into the pool. This effect is particularly beneficial during the off-season, when most of the contaminants entering the pool come from the environment and the air.



The evaporation rate in both facilities is higher in the summer season (bathing season), with a steeper consumption curve during the summer months, which is attributed to an increase in evaporation, due to the favorable climatic conditions of this season. This is described in both equations used for the calculation of evaporation, where temperature significantly affects the evaporation rate of swimming pool water.



Furthermore, comparing the two formulas evaluated for the simulation of the evaporation rate—Penman and Meyer—it is inferred that the Meyer equation provides results that are more similar and consistent with the real data. This observation supports the validity of the Meyer equation for evaporation estimation under these specific conditions.



Finally, regarding the water balance, differences can be seen in the calculation of evaporation depending on the meteorological data used. There is a difference between the evaporation calculations made with data from the station installed on-site next to the pool and those obtained through Wunderground. This phenomenon may be due to the local climatic conditions generated by the pool, which may be difficult to replicate with generic data. Despite this, the resulting curves present a remarkable parallelism, suggesting the possibility of identifying a correlation variable that would allow the Wunderground data to be adjusted and used, according to the simulation objectives. This would open the door to estimating evaporation losses, independently of pool location, using Wunderground data.



Regarding the energy balance of the installations tested, it can be seen that the use of pumping frequency variation technologies, which allow the pump power to be adapted to the needs of the installation, is presented as a solution for reducing energy consumption in outdoor installations. Apart from this pumping speed variation technology, the rest of the installation parameters also affect the consumption variables.



Finally, improving water and energy sustainability is also crucial to improving the running costs of swimming pool facilities. All of these operational and cost improvements represent an opportunity for an improvement in hotel facilities, while increasing the sustainability and competitiveness of the installations [28,100,101,102].




5. Conclusions


In conclusion, the importance of adapting facility-specific strategies to optimize water and energy management should be emphasized, consequently enhancing the sustainability of monitored pools. Swimming pools can, and must, become more efficient, to adapt to the changing needs that arise with climate change. More specifically, the implementation of covers represents a practical solution, widely available in the market, to mitigate losses due to evaporation. Likewise, in the field of energy efficiency, the adoption of variable-speed motors is also crucial, allowing adaptation to the installation’s demands and, thus, optimizing energy performance.



Furthermore, the discussion focuses on the feasibility of implementing these measures in the context of the Costa Brava, considering the economic, social, and environmental particularities of the region. The need for public policies that encourage the adoption of sustainable practices in the tourism sector is also debated.



One of the limitations of this study is that the evaporation model has been studied. In future lines of research, a more extensive simulation should be undertaken to study the interrelationships of the rest of the variables that will surely help in the decision making process for a more sustainable pool model. Furthermore, as explained in the results section, the design of the installation and its location are important variables when it comes to obtaining different results. For this reason, in future lines of research, a greater number of installations with different locations will be introduced and they will continue to be analyzed over time, to assess how the time variable affects their behavior.



This research represents an important tool for the improvement of the sustainability of aquatic swimming pool facilities that affects all stakeholders, although it is especially important for the owners of these facilities, also with, apart from the aforementioned improvements in the sustainability of the equipment, operational improvements of the same ilk. Improving sustainability is also an opportunity for governments to address the growing challenges of water and energy consumption, especially in tourist areas with a Mediterranean climate, which are magnified by the effects of climate change. Improving sustainability not only increases the competitiveness of the sector, but also represents an important opportunity for legislators to introduce legislation to improve facilities to make them more resource efficient. This legislative action can facilitate the transition to a more sustainable sector, which is very important for regions that are highly dependent on tourism, as is the case of Catalonia, where tourism accounts for up to 12% of the GDP generated [103].
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Figure 1. A schematic representation of the hydraulic circuit of a swimming pool (Source: Own elaboration based on the academic and industry literature). 
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Figure 2. A schematic representation of energy balance of a swimming pool (Source: Own elaboration based on the academic and industry literature). 
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Figure 3. Hydric balance of installation 1 (daily values) (Source: Simulation values). 
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Figure 4. Hydric balance of installation 1 (cumulative values) (Source: Simulation values). 
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Figure 5. Hydric balance of installation 2 (daily values) (Source: Simulation values). 
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Figure 6. Hydric balance of installation 2 (cumulative values) (Source: Simulation values). 
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Figure 7. Energy balance of installation 1—comparison between installation energy consumption and turnover of water (Source: screen capture of simulation dashboard). 
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Figure 8. Energy balance of installation 2—comparison between installation energy consumption and turnover of water (Source: screen capture of simulation dashboard). 
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Table 1. Variables of the hydraulic circuit of a swimming pool (Source: Own elaboration).
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	Name
	Definition
	Acronym





	Water filling
	Refilling of pool renovation water. This water inlet is used to compensate for water losses in addition to the water loss.
	Vfill



	Filter backwash
	To carry out maintenance and cleaning operations on filters, water is sent in the opposite direction to the filter operation. This cleaning water is sent to the sewage system.
	Vfbw



	Water renew
	According to the legislation of some countries, a minimum water renewal with fresh water is required to ensure that the water quality is suitable and does not represent a problem for bathers.
	Vrenew



	Water leaks
	Water leaks due to lack of watertightness of the pool or the pool’s hydraulic system.
	Vwleak



	Overflow
	Water leaks from the pool overflow system.
	Voverf



	Splash out
	Water losses due to splashing, use, and interaction with users. These quantities are generally considered within the evaporation estimate for occupied pools.
	Vsplahout



	Evaporation
	Water losses due to evaporation from the pool surface.
	Vevap



	Rain
	Rainwater contribution, in the case of outdoor open-air pools, corresponds to the water collected from the total surface of the pool. In the case of indoor pools, it is necessary for the installation to have a rainwater collection system, but, in some countries, this system is not permitted by law.
	Vrain










 





Table 2. Variables of the energy balance of a swimming pool (Source: Own elaboration).






Table 2. Variables of the energy balance of a swimming pool (Source: Own elaboration).





	Name
	Definition
	Acronym





	Water filling
	In case the pool has a water heating system, this variable corresponds to the heat demand due to bringing the pool renovation water from the source temperature to the required pool temperature.
	Qwf



	Filter backwash
	As in the previous case, if the pool has a water heating system, this variable corresponds to the heat loss of the backwash water.
	Qfbw



	Heating
	Corresponds to the heat value provided by the water heating system to maintain the pool water volume according to the temperature reference.
	Qheating



	Heat conduction
	Heat losses, due to conduction losses, through the pool surface and through the pool walls and floor.
	Qcond



	Convection
	Heat losses, due to convective heat transfer, due to heat transfer between the water surface and the outside and inside air.
	Qconv



	Radiation
	Heat losses due to radiative heat transfer between the water surface and other surrounding surfaces, such as the walls or the sky.
	Qrad



	Evaporation
	Heat losses due to evaporation (phase change from liquid to gas) of water on the pool surface.
	Qevap



	Rain
	Heat demand due to making the rainwater entering the pool from the source temperature to the required temperature in the pool.
	Qrain



	Sun insolation
	Heat from direct solar radiation.
	Qsunrad



	Pump electrical power
	Energy needs to carry out the filtration and water treatment of the pool.
	Pp



	Heating Power
	Energy requirements for the thermal treatment of swimming pool water.
	Ph



	Air-conditioned power
	In the case of indoor pools this variable corresponds to the energy needs for the air treatment (dehumidification and thermal conditioning) of the pool.
	Pac
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