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Abstract

:

Swimming is a good form of physical activity that keeps swimmers fit and healthy. In countries with cold climates, swimming is allowed only indoors. Since adequate water and air parameters must be ensured in these buildings, they are very energy-consuming. In new buildings, modern solutions can be used, thanks to which technologically advanced energy-saving systems can be used. Unfortunately, in existing buildings, it is not always possible to make technical changes, or they are associated with high financial expenses. In this article, a method of in situ measurement of selected air parameters is proposed, on the basis of which it is possible to suggest scenarios for changes in the control of air technology and parameters in order to achieve energy savings. The easy measurement method was applied in a typical swimming pool building, and energy-saving measurements were taken on the first day to obtain a baseline. Seven scenarios were analyzed that would lead to a reduction in energy consumption without the introduction of new elements into the facility. The main task was to find a solution that ensured adequate thermal comfort in the building. Significant energy savings were achieved in each scenario: 6–47% compared to measured energy consumption. To improve the energy efficiency of swimming pools, especially in the current energy crisis related to the economic and political situation, all methods for reducing the energy demand are desirable. The proposed assessment method will allow for energy-consuming elements and allow for changes in the use of equipment in the swimming pool building. However, the main objective is to maintain the thermal comfort of swimming pool users, as no savings can be achieved at the expense of worsening the feeling of building users.
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1. Introduction


1.1. Characteristic of Swimming Pools


Swimming is a popular form of physical activity and allows people to stay fit, which has an impact on health and well-being. This form of recreation is used by children, adolescents, and adults (including seniors). Pools can be used recreationally, individually, or in the form of organized lessons and activities such as aqua aerobics or Zumba. Each form of activity in the pool brings health benefits [1]. In countries with warm climates, there are many outdoor facilities in which the main focus should be on the proper preparation of swimming pool water. However, in countries with a temperate and cold climate, swimming can only be practiced indoors. Then, it is important to ensure a proper environment in the pool.



Regardless of the type of pool, the most important component is the basin filled with water. Depending on the type of activity in the pool, the water must be properly prepared in terms of thermal and sanitary conditions. It is necessary to ensure a proper water temperature, which should be higher for children and seniors and lower for competitive swimmers and during competitions. In addition, the sanitary parameters of the water in swimming pools are also important, which will ensure safety against pathogens. Water filtration and disinfection are important here [2]. Therefore, the quality of pool water is affected by the type of elements of water technology used, the parameters required by law in various countries, as well as the experience of the people operating a given pool [3]. In water quality assessment processes, it is also important to pay attention to the formation of DBP (disinfection byproducts of swimming pool water), which are present in the water and volatilizing in the air [2,4,5] or pharmaceuticals and personal care products [6,7,8,9]. The formation of DBP, in turn, is associated with pre-swim hygiene [10,11,12,13,14].



To make swimming pool users feel comfortable while staying in the pool, in addition to the appropriate water temperature, appropriate parameters of the air environment surrounding the water are also important. The air temperature should be correlated with the water temperature. According to studies on evaporation from swimming pools, the air temperature should be 1 to 2 K higher than the water temperature [15,16]. This should ensure that evaporation is at a reasonably low level, which has a significant impact on the heat consumption to heat water and air. Furthermore, it provides comfortable conditions for people who come out of the pool wet [17,18]. The second important parameter is relative humidity, which should be maintained at such a level as to limit the evaporation of water from the pool, not causing the condensation of moisture on the surface of the glazed external partitions and not causing a feeling of stuffiness for people [17]. Furthermore, given that the by-products of swimming pool water disinfection are volatile and therefore present in the air, attention should also be paid to the method of removing these compounds from the air, which is influenced by the method of air distribution in indoor swimming pool halls [4,19,20]. The feeling is also influenced by the configuration of the air inlets and exhausts and the entire ventilation system [21,22]. This means that it is important to maintain the balance between water and air, which affects the technology of water and air preparation and, as a result, the consumption of heat and electricity.




1.2. Ventilation Air Preparation


The heating of ventilation air, which is pumped into the swimming pool, requires a lot of heat and electricity, because this process is continuous [19,23]. The ventilation system fulfills two functions: collecting the moisture gains that evaporate from the water surface, which is necessary to maintain a constant relative humidity in the pool, and ensuring the appropriate air temperature, which is related to covering the penetration losses through the pool partitions. Transmission losses can also be partly covered by the heating system—for example, in the form of underfloor heating, but in most cases, there is only the air heating system. In such a case, the air handling unit maintains the temperature and removes moisture [24].



In the operation of pool facilities, air preparation processes are set to maintain the air temperature and relative humidity in the pool, and the measurement of these parameters is carried out in the exhaust air [19]. The amount of heat that must be supplied to the system to maintain the appropriate air parameters in the swimming pool is affected by the architecture of the facility, the partitions of the quality of the building, and the external climatic conditions. This is similar to other buildings [25]. Heat losses are a function of the thermal insulation of partitions. The amount of energy supplied to cover them is related to the difference in temperature between the temperature maintained in the room and the temperature outside. Because the temperature in the pool is much higher than that in typical buildings, these losses are high; therefore, pools consume a lot of energy to ensure thermal comfort inside, according to previously discussed data [19].




1.3. Possibilities of Reducing Energy Consumption in Indoor Swimming Pools


Due to the fact that ventilation is primarily responsible for the energy consumption of buildings [26], it is worth looking for savings in this area, in which numerous studies are conducted [27]. In the scientific studies described in the literature, there are several possibilities for reducing the consumption of heat and electricity in indoor swimming pools. Several interesting solutions would allow for energy savings in the pool facility. One of the ways to save energy in swimming pool facilities is the use of high-efficiency air preparation systems. The available solutions include the use of air handling units for heat recovery in the form of an open absorption heat pump [28], the use of cross-heat exchangers [19,29], the use of double condensers [19,30], the use of double air recirculation with a heat pump [15,22,23], and the introduction of a ground exchanger for heat recovery in the ventilation system [31]. An example of such an exchanger is a multipipe air ground heat exchanger, the use of which will result in greater energy efficiency than using single-pipe heat exchangers, as suggested in the article [32]. Research suggests that a passive heating system should be used [33], but it must be well designed. One of the solutions is solar thermal collectors [34]. Heat from other buildings can also be used [35] or analyses that take into account the conditions in the field of heat sources in a given country [23]. For heating, a solar-assisted heat pump system is proposed [36]. Good energy results are also obtained by using a heat pump to dehumidify the air [15]. Automatic control is also indicated as a method of achieving energy savings [37,38], and the combination of control and pool cover may be even more beneficial [38]. The use of monitoring systems can help control energy consumption in the building while controlling the parameters of thermal comfort and occupant satisfaction [39]. An interesting solution is the proposed control algorithm that takes into account that the sun’s rays can directly heat pool water [40]. Lowering the temperature of the water is one of the easiest changes that can potentially save energy. When the water temperature is increased by 1 K, the savings may reach 7.4% [41]. The water temperature should be lower than the air temperature. To save energy for heating the air, temperature variations can be used throughout the year [15,42]. However, lowering the water temperature too much can make people reluctant to go to the pool.



Research on thermal comfort in swimming pool facilities shows that the air temperature is, in many cases, lower than the water temperature, which can cause increased evaporation and discomfort [42]. Studies show that the water temperature should be higher for comfort, although this may result in increased energy consumption. Raising the air temperature above the water temperature should be beneficial from the point of view of swimmers, but it may worsen the comfort of non-swimmers [42]. However, this is advantageous in terms of reducing evaporation. Here, a suitable solution may be the decentralization of the ventilation system, ensuring suitable conditions for various groups of users [19].



Good conditions for maintaining thermal comfort are currently provided by ceiling panels, which, as a type of surface heating, can be operated as a low parameter (beneficial from the energy efficiency point of view). Studies of panels with a corrugated surface area and thus increased thermal performance were presented, for example, in [43,44], or with phase change materials in [45], but the possibility of their use in swimming pool facilities to reduce energy consumption has not yet been analyzed.



A strategy that allows for a reduction in electricity consumption is the decrease in ventilation efficiency at night, justified by a lower level of water evaporation when the pool is not used. A variable proportion of outside air can provide better regulation of air parameters within the pool and, at the same time, ensure lower energy consumption [19,22].



All the described possibilities for reducing energy consumption in swimming pools can be divided into those that are possible in a new facility or at the design stage and those that can be used at the operating stage of existing facilities without changing the technology. The research described below will focus only on solutions that do not require changes in systems that require financial outlays. The introduction of existing modern devices, complicated control algorithms, additional renewable energy sources in buildings, and changes in the distribution of air in the pool would require large financial outlays, which, very often, pool operators cannot afford.




1.4. In Situ Measurements for Improving the Energy Performance of Swimming Pools—Research Goal


In the literature, there are suggestions that changes introduced to functioning swimming pool facilities should be made to increase the energy efficiency and reduce costs [46]. The authors noted that it is necessary to prepare a strategy for each facility individually because the pools differ significantly from each other. Other authors also indicate the need to evaluate the existing state of pools [47], and others [35] indicate that savings can be sought by evaluating and optimizing swimming pool HVAC systems. Since there is no single solution that will allow for energy savings, a method of in situ measurements and simple simulations will be proposed for the selected facility in order to find the appropriate strategy for introducing changes. It is a new approach that can improve the thermal comfort in the pool without increasing the energy demand.



Research will focus on existing swimming pool facilities, where it is difficult or even impossible to change existing pool water technology or the preparation of ventilation air. Modern models can be used to design new pool buildings [41]. However, there are many existing buildings where technology may be outdated and inefficient in terms of energy [46]. In this case, the improvement of efficiency is possible only by assessing the existing state, identifying existing problems based on the knowledge of the actual state, and proposing the most favorable change scenario. The research proposed a simple methodology of in situ measurements for indoor swimming pools, due to which it is possible to determine the baseline state and then propose scenarios of changes, mainly in the control of the air preparation system. Seven variants of possible changes were proposed, and calculation formulas for performing simple simulations were given.



The test building is a typical swimming pool facility located in Poland, equipped with a typical ventilation unit. The thermal comfort assessment, energy usage, and change scenarios will be performed. The energy savings associated with corrective actions will be calculated for a typical day during transition periods. According to the general procedure of in situ research discussed, it will be possible to carry out similar measurements and propose changes in other facilities. Research focuses on ensuring thermal comfort parameters, temperature, and relative humidity in the swimming pool while ensuring low energy consumption. It should be remembered that proposed changes that lead to energy savings must not be associated with the deterioration of air and water quality and user dissatisfaction. This approach is a novelty because, usually, either thermal comfort or energy consumption are not analyzed together. It is usually assumed that the conditions in the pool are appropriate. However, a preliminary baseline check was proposed, and the introduced changes take into account this condition.





2. Materials and Methods


2.1. Research Plan


To show the purpose of performing in situ measurements and the possibility of using their results to improve swimming pools, the research plan was divided into five parts. In the first part, the method for performing in situ measurements in two ranges will be presented: basic (measurement only in the swimming pool) and advanced (use of additional sensors in the air handling unit). Then, the results of the measurements carried out in the real facility will be presented, the effects of the changes introduced will be checked, and simulations will be carried out using scenarios aimed at reducing the energy used to ensure comfortable thermal conditions for the users. The scope of research includes the following.




	(1)

	
Presentation of the method of in situ measurements in a functioning swimming pool facility,




	(2)

	
Stage 1—performing in situ measurements and identifying the possibility of introducing changes in the analyzed facility,




	(3)

	
Stage 2—checking the effects of the introduced changes and possible further diagnostics,




	(4)

	
Stage 3—proposing scenarios aimed at reducing the energy used to ensure comfortable conditions along with a quantitative assessment of effects;




	(5)

	
Define the conclusions.










2.2. Research Principles


2.2.1. General Principles


The proposed method for evaluating the functioning of a swimming pool must be simple and easy to carry out. It was assumed that this is sufficient to carry out short measurements that are able to last an hour. The purpose of this is to enable such tests to be carried out even by the facility’s staff, without the need to install sensors, read their values, or conduct complex analyses of the results obtained.



In the basic version of the in situ measurement method, selected parameters of water and air should be measured so that it is possible to compare them to the parameters recommended for swimming pool facilities and identify problems in the field of non-compliance with these requirements. Based on simple measurements and comparisons to the guidelines (Table 1), it is possible to determine corrective actions. The aim is to present simple solutions that can be implemented even in older swimming pool facilities where control systems are not very advanced.



For each pool, the tests must be designed individually. Pool facilities vary and are often unique. The conditions of each of them must be taken into account. Detailed rules for the location of sensors and the possibility of their introduction to the facility will be presented in the description of the analyzed building.




2.2.2. Measurement Equipment


Indoor environment sensors with remote reading and recording were used for measurements. TS1 type temperature and relative humidity sensors with an ATMega 88 PA processor and an FM FSK 868 MHz radio link were used. The measurement range in the humidity measurement range is 0–100%, with an accuracy of ±2%, and in the temperature range of −40 to +125 °C, with a measurement accuracy of 0.1 °C. Janitz UMG 604 devices were used to measure the power consumption of the control panel. The analyzer continuously measures power consumption continuously. The measured parameters are the electricity consumption in kWh.





2.3. Measurement and Simulation Periods


2.3.1. Measurement Period for In Situ Tests


The measurement period for the in situ tests was 1 h. In the analyzed facility, swimmers change every hour, and it takes a while for the AHU to react to the change in demand. 12:00 was selected for the midweek day, when the pool is used by approximately 25 people. It is the hour with swimming lessons during which the school rents the property.



For the night period without users, 22:00 was selected. As a rule, at 21:00, there is no swimmer. The facility closes at 23:00 after cleaning. An hour was selected after the facility was closed to users.



The measurements were carried out in two stages:



Stage 1: 23/03; daytime 12:00–13:00; nighttime 22:00–23:00.



Stage 2: 25/05; daytime 12:00–13:00; nighttime 22:00–23:00.




2.3.2. Measurement Period for the Simulation


To assess the applied heat demand reduction scenarios, a period of one working week was selected. However, it was assumed that the use of the pool was the same as for the measurement hour analyzed. Therefore, a constant evaporation of water was assumed, which is related to the intensity of swimming and the number of people swimming.





2.4. Equations Used for the Analysis


The symbols in the equations refer to the designations in the air handling unit diagram shown in Figure 1. External air (E) (navy) flows through the heat exchanger, by which the air is heated (HE) (blue). The next level of heat recovery is mixing outdoor air with air exhaust (MIX). As a result of mixing, the relative humidity and temperature of the supplied air can be regulated. Another device is the heater, which heats the air to the required supply air temperature (SU) (red) to cover the losses of air drying and through the building envelope. The heater must be supplied with heat from an external source. Air returning from the pool (EX) has different parameters (pink).



2.4.1. Equations Used for the Calculations in Stage 1 and Stage 2


The sensors used for the temperature measurements record the value t and relative humidity φ in points E (external air), SU (supply air), and EX (exhaust air) according to Figure 1, as well as inside the pool (I). Determining the moisture content in the air based on these two parameters is carried out using Equation (1), taking into account the additional constants whose values are given below the equation [48].


  x = 0.62198 ·   φ · 610.7 ·   10     t     a   0   +   a   1   · t +   a   2   ·   t   2         100,000 − φ · 610.7 ·   10     t     a   0   +   a   1   · t +   a   2   ·   t   2               k g   k g      



(1)




where



    a   0   = 31.6885 ;   a   1   = 0.130755 ;   a   2   = 2.92309 ·   10   − 5     for   − 50   ℃ < t ≤ 0   ℃  ,



    a   0   = 31.6866 ;   a   1   = 0.130986 ;   a   2   = 2.52493 ·   10   − 5     for   0   ℃ < t ≤ 140   ℃  .



In preliminary measurements, based on the results obtained, parameters characterizing the operation of the ventilation will be calculated. The parameter characterizing the efficiency of air drying by the ventilation system is the difference in moisture content   ∆ x   in the exhaust air     x   E X     and in the supply air     x   S U     (Equation (2)).


  ∆ x =   x   E X   −   x   S U       k g   k g      



(2)







The value of Δx(EX − SU) is compared with the reference value Δx = 4–6 g/kg [19]. Lower values indicate an incomplete use of the supply air stream, which may suggest that the stream is too large.



Based on the difference in moisture content and the volume of the ventilation air stream     V  ˙            m   3     h       and air density   ρ       k g     m   3        , it is also possible to determine the amount of received moisture gains from the evaporation of pool water (Equation (3)).


      m  ˙    e v a p   =     V  ˙    3600   · ∆ x · ρ     k g   s      



(3)







Calculations should be carried out for the day and night periods.



With the moisture content in external air     x   E    , in exhaust air     x   E X    , and after the mixing chamber     x   M I X    , the share of external air in the supply air stream can also be determined (Equation (4)).


  α =     x   M I X   −   x   E X       x   E   −   x   E X      



(4)







If the AHU operates with variable external air, then the controlling criterion for the proportion of external air is to maintain a constant value of Δx(EX − SU) = 4–6 g/kg. In this case, the value of Δx(EX − SU) resulting from the measurements can be calculated from the formula (Equation (2)) and the share of external air from the formula (Equation (4)).



The efficiency of the recuperator for heat recovery during measurements can be determined from Formula (5) when supply and exhaust air flows are equal; however, this requires an additional measurement of the temperature after the heat exchanger tHR in the air handling unit:


  ƞ =     t   H R   −   t   E       t   E X   −   t   E      



(5)







The amount of heat necessary to supply the heater throughout the day is calculated on the basis of the following equation:


    Q   H , 0   =     V  ˙    3600   ·   c   p   · ρ ·     t   S U   −   t   M I X         k W    



(6)







In the case of calculations when a heat exchanger is used, the air temperature behind the exchanger     t   H E     will be determined using Equation (7), assuming the value of heat recovery efficiency η and the temperature of the outdoor air     t   E     and exhaust air     t   E X    .


    t   H E   =   t   E   + ƞ ·     t   E X   −   t   E         ℃    



(7)








2.4.2. Stage 3—Scenarios


The proposed scenarios include simulation calculations of air parameters at various locations of the air handling unit and the amount of energy used to prepare the air to the required parameters. The external air will be measured and the moisture content will be determined according to Equation (2). The air temperature and moisture content and enthalpy in the mixing chamber will be calculated using Equations (8)−(10).


    h   M I X   = ∝ ·   h   H E   +   1 − α   ·   h   E X       ℃    



(8)






    x   M I X   = ∝ ·   x   E   +   1 − α   ·   x   E X       ℃    



(9)






    t   M I X   =     h   M I X   − 2500.8 ·   x   M I X     1.006 + 1.86 ·   x   M I X         ℃    



(10)







Since the moisture content of the air in the pool is influenced by the amount of evaporation, the size of the air stream, and the moisture content in the supply air in selected scenarios, this value should be calculated using Equation (11).


    x   E X   =   x   S U   +       m  ˙    e v a p       V  ˙  · ρ         k g   k g      



(11)







It can be assumed that XMIX = XSU and XHE = XE. In selected scenarios, a specific value of the moisture content in the air will be assumed to assess the impact of corrective actions on thermal comfort in the pool. It will be necessary to calculate the air density of the air using Equation (12).


  ρ = 100,000 ·     1 − x     461.5 ·   t + 273.15   ·   x + 0.62198           k g     m   3          



(12)







The temperature and relative humidity of the exhaust air (EX) and supply air (SU) will be set to maintain the specified air parameters in the pool. In each scenario, fixed and variable values determined according to the proposed equations will be specified.





2.5. Using the Results to Improve Comfort in Pool Scenarios


Scenarios for improving the energy performance for the analyzed facility will be presented after discussing the test results in Stages 1 and 2 and will be proposed based on the presented results.




2.6. A Detailed Research Plan in the Test Facility


The proposed in situ test procedure is designed to be simple and easy to carry out, so the test plan presented in Table 2 was adopted and presented in Figure 2.




2.7. Simulations in Seven Scenarios


Simulations will be performed after assessing the results of the Stage 2 corrective actions. The results are discussed in Section 4.2. The assumptions for the simulations and the equations used are presented below. The setup for the simulation is as follows.




	(1)

	
Decrease in the ventilation rate during the night by 15%—impact on electricity consumption and amount of heat (Scenario 1),




	(2)

	
Reduction in the ventilation rate during the day and night, by 33% during the day and by another 15% at night (Scenario 2),




	(3)

	
Introduction of a lower share of outdoor air (50%)—Impact on heat demand (Scenario 3),




	(4)

	
Introducing a variable proportion of outdoor air to ensure the regulation of the moisture content in the supply air, which will result in constant relative humidity in the pool (Scenario 4),




	(5)

	
Increase in relative humidity in the swimming pool and a variable proportion of outside air (Scenario 5)




	(6)

	
Induction of heat recovery in the treatment of ventilation air, with assumed heat recovery at a relatively low level (50%)—Impact on the demand for heat to heat the air (Scenario 6),




	(7)

	
Increasing the air temperature in the pool—Impact on the amount of heat supplied to the heater (Scenario 7).









The parameters of the variables in each scenario are listed in Table 3.



The heater baseline for the heater, together with the results of the measurement of the outdoor air parameters for the day analyzed, are presented in Table 4. The time adopted for the analyses in Stage 2 is indicated in bold. The results for each scenario will indicate the hour for which the results were obtained from the measurements to better present the results of the change introduced in a given scenario and to reference the measured values.



In each scenario, the calculation of the heat demand will be performed according to the same method, assuming similar assumptions. The variables will refer to the parameters specified in each scenario. The savings achieved in the amount of heat will be evaluated in relation to the value of 1424 kWh/day (Table 3).



The electricity consumption of the air handling unit with a ventilation rate of 13,400 m3/h was 12.5 kW. On the day analyzed, this gives 300 kWh/day, which, assuming continuous operation of the facility, amounts to 30.017 kWh/year. In each scenario where a change in the ventilation rate is applied, the amount of electricity consumed by the fans will be calculated, and the resulting savings will be related to these two values.




2.8. Simulations in Seven Scenarios and Assumptions


Simulations were carried out for a period of one day. External air was measured during the period from 6:00 a.m. to 6:00 a.m. the next day. In each scenario, the temperature of the supply air was assumed to be constant at 27 °C. This will allow for a better assessment of the impact of individual changes introduced to the operation of the ventilation system. The constant temperature of the air in the pool, which was set by the controller, was also assumed. The share of outside air, according to the results of the in situ measurement in Stage 2, is α = 70%, unless the scenario assumes a variable share of outside air.



The amount of heat was summed up for the entire analyzed day, and the amount of electricity was recalculated in relation to the day and the year.



2.8.1. Scenario 1


The scenario concerns the introduction of a reduced supply of air during the night. During the day, that is, between 6:00 and 21:00, the airflow was set as measured in Stage 2: 13,400 m3/h, and from 22:00, the air handling unit switches to night mode, with 15% reduced capacity. The assumptions and calculation formulas are listed in Table 5.




2.8.2. Scenario 2


The scenario concerns the introduction of a reduced air flow to the supply during the day and at night. This is dictated by the low relative humidity identified in the in situ testing in Stage 2. The assumptions and calculation formulas are listed in Table 6.




2.8.3. Scenario 3


The scenario concerns the introduction of a reduced share of external air. The share will decrease from 70% to 50%. The assumptions and calculation formulas are listed in Table 7.




2.8.4. Scenario 4


Scenario 4 concerns the introduction of a reduced share of external air. The share of external air will be variable based on the assumption that the RH in the pool should be constant at the level measured in Stage 2—47%. The moisture content in the exhaust and supply air is constant and depends on the evaporation rate. External air is introduced into the air handling unit at the share that allows for achieving the fixed value of the moisture content. The assumptions and calculation formulas are listed in Table 8.




2.8.5. Scenario 5


Scenario 5 is basically the same as Scenario 4, but with an increase in the relative humidity in the pool. It was decided that, to ensure thermal comfort, the relative humidity in the pool should be set at 55%. The assumptions and calculation formulas are listed in Table 9.




2.8.6. Scenario 6


Since the in situ measurements in Stage 2 did not identify the airflow through the heat exchanger, the calculations in Scenario 6 assumed that the heat recovery was operating normally. An efficiency of 50% was assumed. The assumptions and calculation formulas are listed in Table 10.




2.8.7. Scenario 7


The scenario refers to an increase in the indoor air temperature during the day and night. It is important to ensure comfortable parameters for people who use the pool. The measured temperature was definitely low (26 °C). The temperature assumed in the scenario will be 29 °C and 1 °C higher than the temperature of the water in the pool. It should be ensured that a higher air temperature in the pool is associated with the need to increase the air temperature. The assumed supply temperature was higher than the temperature maintained at 1 °C. The assumptions and calculation formulas are listed in Table 11.






3. Tested Swimming Pool Facility


In situ measurements and simulations of activities aimed at improving the energy performance of the facility while ensuring thermal comfort will be carried out for a typical swimming pool facility located in Poland. The photo of the object is shown in Figure 3.



The facility has a swimming pool with six 25 m lanes. The surface of the water is 312.5 m2. Two exterior walls are completely glazed, and the other walls are internal walls. The building is old, and the windows were replaced 10 years ago. The installation of mechanical ventilation has the function of removing moisture and heating the swimming pool. The air supply is located along the glass walls and along the inner wall in the middle of the room height. The air exhaust is located below the roof above the swimming pool. The ventilation unit is located outside the building. The scheme of the system and the device in the air handling unit is shown in Figure 4.



The pool is open from 6:00 to 22:00 during the week and from 12:00 to 17:00 on weekends. During the week, the main users are students of a primary school with a sports profile. Training and swimming lessons are held from 6:00 to 17:00. In the afternoon, private swimming lessons can be used in the pool by individuals. Changes in users take place every 45 min and are marked by the lifeguards in the pool logbook. On weekdays, the number of users is 350–450 people, from 1 to 35 people at a time. The average number is 22 people.



The air parameters in the pool were measured during the 3 weeks preceding the Stage 1 tests. The average air temperature in the pool was 24.8 ± 0.3 °C. This suggests constant temperature conditions in the pool. The relative humidity of the air was 47.5 ± 7.6%. Higher values occurred during the period of use of the swimming pool (during the opening hours). Lower values, however, occurred at night, when there were no swimmers.




4. Results


4.1. Stage 1—Results


Table 12 summarizes the measurement results for the cold period of the year (March) for one hour when the pool is in use and one hour after it is closed.



Stage 1 results analysis:




	(1)

	
The obtained results of short measurements for day and night correspond to the values measured in the period preceding the tests. This suggests that such measured conditions prevail in the analyzed facility.




	(2)

	
The air temperature in the pool is too low. To ensure appropriate thermal comfort, the air temperature should be higher than the water temperature. In the current state, users may experience thermal discomfort.




	(3)

	
The relative humidity of the air in the pool is at an acceptable level. However, it could be higher. The lower the relative humidity, the faster the evaporation of water from the surface of the bodies of people leaving the pool. This can cause thermal discomfort.




	(4)

	
The amount of evaporation is lower in the absence of users, i.e., during the night. Therefore, the ventilation rate can be reduced during the night. The relative humidity measured at night is significantly lower than that during the day, which is associated with the use of a constant ventilation rate. There is no risk that the air flow reduction will result in exceeding the relative humidity limit.









Recommendations for corrective actions:




	(1)

	
Increase the temperature of the indoor air, which is the value set in the ventilation system in the tested facility.




	(2)

	
Increase the relative humidity of the air in the pool; because it is not possible to set a higher relative humidity, this will be accomplished indirectly by reducing the ventilation rate. Reducing the air rate will cause the relative humidity to increase with the same use of the pool (the same moisture gains) and with a reduced flow of supply air.










4.2. Stage 2—Results


After it was recommended to reduce the ventilation rate and increase the air temperature in the swimming pool, the measurements were repeated. The same day of the week was chosen to check the conditions with more or less the same use of the pool. The results are summarized in Table 13. Measurements were supplemented with the measurements inside the air handling unit; the air parameters behind the mixing chamber were measured to assess the share of outside air in the supply air stream. In addition, the difference is presented in relation to the results obtained two months earlier. A positive value means that the given parameter has increased the value, and a negative measurement results; after the implementation of corrective actions, it has decreased.



Stage 2 results analysis:




	(1)

	
The air temperature in the pool increased by 1.7 °C during the day and by about 1.1 °C at night. However, the air temperature in the pool is still low and reaches 26 °C, with the water temperature equal to 28 °C. Users may still experience thermal discomfort.




	(2)

	
The ventilation rate was reduced by more than 2000 m3/h. Ventilation continues to operate at a constant but reduced air flow throughout the day and night. The controller in the air handling unit does not allow for entering the work schedule in day and night mode. Reducing the air flow reduces the electrical consumption of the fan drive. The power consumption of the air handling unit was 800 W/h. If the reduced air flow was maintained throughout the year, the electricity consumption would be reduced by 7000 kWh, which could bring significant savings in the electricity bills.




	(3)

	
The reduction in the ventilation rate along with the increase in air temperature in the swimming pool did not cause changes in the evaporation rate. A slightly higher amount of moisture gain was measured during the night. During the period of use, the amount of evaporation was slightly lower. However, it could have been influenced by the number of swimmers, which was one person less in Stage 2.




	(4)

	
At the same time, the relative humidity in the swimming pool decreased during the day and at night. The purpose of lowering the air flow was to obtain a higher relative humidity. An increase in the relative humidity could not be achieved, which may cause thermal discomfort.




	(5)

	
Due to the measurement inside the air handling unit, it was determined that the share of outside air in the supply air flows is 70%. The air handling unit did not change during the testing period, so the share of outdoor air in March was also 70%. As a rule, in the colder period, the proportion of outside air can be lower by up to 30%, especially when the outside air contains little moisture. Therefore, it is assumed that savings in heat consumption can be achieved by reducing the share of outdoor air. It may also be the reason for the low relative humidity in the pool. This is because there is little possibility of controlling the moisture content in the supply air if the external air flow rate is set constant.




	(6)

	
The cross-flow exchanger for heat recovery was found to not work. Calculated on the basis of the value of moisture content in the exhaust air, the outside air, and the air behind the mixing chamber, the share of outside air allows for concluding that the air in the AHU flows through the bypass. The use of bypass in winter allows the exchanger to be protected against frosting. Due to the lack of the automatic control of the AHU, the adjustment of the bypass damper was not taken into account during service. Including a heat exchanger in the operation of the AHU would allow for significant savings.









Based on the measurements carried out, the results obtained, and their analysis in terms of the possibility of introducing certain changes in the analyzed facility, it is proposed to conduct further analyses in the scope of the possibility of improving thermal comfort and energy consumption in the tested facility. Since the introduced changes in Stage 2 did not bring the expected results and their introduction would require constant control and manual changes of settings, the assessment of the results for the proposed further changes will be carried out by performing calculations and simulations.




4.3. Simulation Results—Thermal Comfort


In situ measurements have identified too low of a relative humidity in the pool, which causes discomfort for swimmers, especially after leaving the water. In three scenarios (1, 2, 5), changes were proposed to improve thermal comfort in terms of relative humidity. In Scenario 1, the supply air stream was reduced by 15% compared to the air stream measured in Stage 2 of the in situ measurements. During the day, the stream remained unchanged. Scenario 2 introduced a reduced flow of air supplied during the day (−33%) and during the night (for another 15%). Scenario 5 assumes that, in the pool, relative humidity must be maintained at a higher level than the measured one, at 55% during the period of use. This is the recommended value of Table 1.



Figure 5 shows the simulation results of these three scenarios.



Due to the reduction in air flow during the night in Scenario 1, a higher relative humidity was obtained during the night. During the day, compared to the measured variant, there were no changes in this regard. The relative humidity ranged from 45% to 51%. Reducing the ventilation rate results in improved thermal comfort.



Scenario 5 assumes that the relative humidity is kept much higher than the measured one and is, at the same time, within the recommended values. In this situation, the swimmers will feel comfortable. In Scenario 2, a similar effect was obtained by reducing the air flow throughout the day. The average relative humidity in Scenario 2 is 52.8%, and in Scenario 5, it is 56.5%. In both cases, the internal environment was obtained to ensure user comfort.



The second parameter that affects the comfort feeling is the temperature of the water and the temperature of the air. In the facility analyzed, the water temperature was measured in two stages and the temperature was assessed as appropriate for the purpose of the swimming pool. The value of 28 °C is maintained. Variants 1–6 did not take into account changes in the temperature of indoor air in the swimming pool to focus on individual variants of changes. The established air temperature in the swimming pool was assumed to be 26 °C. In Scenario 7, it was decided to increase the maintained temperature to 29 °C. This resulted in the need to recalculate the heat demand. The temperature of the air supplied and the temperature of the air in the mixing chamber (before the heater) increased. The results of the change in the air temperature in the pool regarding the consumption of heat necessary to supply are shown in Figure 6.



Ensuring a higher air temperature in the pool is associated with the need to incur the higher financial outlays necessary to heat the ventilation air. It was calculated that, for the day analyzed, this difference is 16% (discussed in the next section). This value will not be recalculated on an annual basis because the actual demand for heat is affected by the external climate. This variant was intended to show that the introduction of a comfort temperature will not be associated with significantly higher costs. At the same time, it should be noted that, to keep the relative humidity at a comfortable level, the ventilation rate must be reduced, as discussed in the results presented in Figure 5. Reducing the ventilation rate will lead to a reduction in electricity costs. When considering the changes that are necessary to introduce in the facility, several scenarios should be taken into account at the same time in order to realistically assess the profitability of investing in changes. Table 14 presents a comparison of the results obtained in seven variants in terms of the thermal comfort and baseline.



The proposed corrective action scenarios allowed for the improvement of the air parameters in the pool. All measurements carried out in March and May showed that the air temperature and relative humidity are lower than the recommendations regarding comfort parameters. By performing seven simulations, it was shown that it is possible to improve this state. This can be achieved by changing the temperature and relative humidity settings or by lowering the ventilation rate, changing the damper settings in the air handling unit, or scheduling ventilation operations according to the use. In the analyzed facility, it is possible to increase indoor air (Scenario 7), but the staff may be concerned about the increase in costs. In terms of relative humidity, the best result was obtained in options 2, 3, and 5. The decision to introduce specific changes should be based on the results obtained in terms of heat demand and electricity consumption.




4.4. Simulation Results—Electricity Consumption


The changes introduced in the operation of the air handling unit in terms of electricity consumption apply to scenarios in which the ventilation rate has changed. For comparison, baseline values will be adopted: the constant ventilation efficiency throughout the day and the results of Scenarios 1 and 2, in which the ventilation rate was reduced. Figure 7 presents the values of the electricity consumption for each hour of the day analyzed.



In the baseline situation, measured while maintaining a constant ventilation rate at the level of 13,400 m3/h, the electricity consumption was 300 kWh/day, that is, assuming the continuous operation of ventilation throughout the year, 109,500 kWh/year. Reducing the ventilation rate only during the night, by only 20%, resulted in a reduction in electricity consumption from 284.2 kWh/day and on an annual basis to 103.076 kWh/year, that is, savings of less than 6%.



As in Scenario 1, it was seen that the air flow could be further lowered due to the fact that the relative humidity in the pool did not exceed the maximum value of 60%; in Scenario 2, it was proposed to reduce the ventilation rate during the day by 33% (to the level of 10,500 m3/h) and to do so during the night by another 15% (8900 m3/h). These changes have significantly reduced the electricity consumption for the purpose of pumping air. The daily demand for electricity was 217.6 kWh/day, and the annual demand was 79.424 kWh/year. The savings amounted to almost 27.5% per year. Today, when electricity prices are high, achieving savings in electricity consumption is crucial to maintaining the proper operation of the facility. At the same time, when looking for solutions to save money, maintaining comfortable conditions for users must be a priority. In Scenario 2, despite the reduction in efficiency, achieving energy savings of 27%, a comfortable relative humidity range of 50–60% was obtained at the same time, which will result in greater satisfaction for swimmers.




4.5. Simulation Results—Heat Demand


When proposing changes to the air handling unit, it is necessary to take into account, in addition to thermal comfort, the need to provide heat to ensure these conditions. The changes made in each scenario result in different heat demand values in the simulations. The results of the simulation for seven scenarios and the baseline situation are presented in Table 15. The difference obtained in relation to the baseline variant was marked. The results are also presented in Figure 8.



The highest daily heat demand to heat the ventilation air was obtained in Scenario 7, in which the temperature of the supply air was the highest. Due to this change, it was possible to obtain a higher and more comfortable air temperature in the swimming pool. When the temperature is maintained, it will always result in the need to supply more heat to the system, which increases operating costs. However, other simulations have shown that there are solutions for reducing the heat demand. Among these solutions, the largest demand reduction was obtained by including a heat exchanger section in the air treatment process (Scenario 6). Due to in situ measurements, the heat recovery section was identified to be in use. Changing the damper setting in the air handling unit will allow for significant savings. On the day analyzed, it was estimated that the amount of heat supplied to the heater would decrease by 46%. Significant savings in heat demand were also obtained when the share of outside air was changed. The proportion of outside air was reduced from 70% to 50%, which is a commonly used value. The heat demand was reduced by 26%. However, this change did not significantly affect the thermal comfort in the pool. This change was obtained by simulating variable proportions of outside air selected to maintain the relative humidity inside at 55%. Due to this change, the right relative humidity value was obtained, ensuring a comfortable experience for users, while reducing the need for heat by 24%. The reduction in heat demand was also obtained in Scenario 2 by 22%. The change in heat demand was associated with a decrease in the ventilation rate during the day and night compared to the baseline by 33% and 42%, respectively. This is a very promising variant because the change in the ventilation rate also reduces the electricity consumption.




4.6. Summary of the Results


Analyzing all the aggregated results, it can be seen that by introducing various changes in the operation of the ventilation system in the swimming pool, it is possible to ensure comfortable parameters, which may be associated with the need to provide more heat. The analyses carried out clearly showed that it is worth analyzing the state of air parameters in the swimming pool and conducting simple analyses simulating the impact of changes made in the control system on improving the conditions of thermal comfort while assessing the impact of these changes on the demand for heat and electricity. When changes are made, an increase in the demand for energy may be achieved, but when one introduces another, this demand may be reduced.



Scenarios of corrective actions for any analyzed pool should be selected individually, but it can be said that, in the case of swimming pools, where problems with high maintenance costs and with maintaining appropriate environmental conditions are noticeable, short-term and simple measurements can be made, thanks to which the problem can be diagnosed and a number of solutions that will improve the existing condition can be proposed. Simulations and their results have shown that even simple measurements and simulations adapted to existing conditions can find solutions that ensure comfort and reduce energy consumption in the building at the same time.





5. Limitations and Further Research


5.1. Limitations


The research was carried out in a functioning swimming pool facility, which means that the results take into account the specific use of this facility. However, the results are valuable because they show certain dependencies between the thermal comfort parameters and the operation of the ventilation system. The research was intended to cover a short period of time so that it would be possible and technically feasible to perform it. Two versions of in situ measurements were taken into account: the basic version, in which the measurement of air parameters only in the swimming pool is conducted, and the more advanced version, requiring the installation of sensors inside the ventilation unit, which is not always possible. The control panel that operated in the analyzed facility is a control panel with limited control capabilities; hence, it is not possible to verify in practice the results obtained by carrying out simulations for seven scenarios. It should be noted that, in many swimming pool facilities, there are older types of air handling units. When measurements and the results of measured hours in the simulations are used, the simulation results are real and coincide with the measurement results.



Reducing the amount of fresh air can affect the air quality in swimming pools. Air quality in relation to the NCl3 concentration is the subject of many studies [49,50,51,52], mainly in countries where water treatment is different from that in Poland. In the country analyzed, the concentration of free and combined chlorine is low, which is confirmed by research [3,5,11]; therefore, reducing the ventilation rate, especially at night, should not have a negative impact on air quality. But this should be the subject of further research.




5.2. Further Research


The research described in the article should continue to take measurements in a larger number of facilities. The purpose of these studies was not to test the procedure in many facilities but to present a measurement methodology that is easy to apply. As noted, each swimming pool facility is different, so the research conducted in other facilities will be unique and will allow for finding solutions for specific situations and case studies. Analyses should be supplemented with measurements of the CO2 concentration as a marker of ventilation [53] or other chemical compounds present in swimming pool facilities such as THM and NCl3—with these markers, associated with the presence of swimmers in the pool, even more advanced methods of controlling the operation of ventilation units than the day/night schedule could be proposed. The important topic is microbiological risks [54]. However, this requires more complex research.



Further research may also include measurements related to swimming pool water technology, the optimization of water heating, water circulation, and other processes related to the need to supply heat and electricity.





6. Conclusions and Summary


In modern facilities, where the operation of HVAC devices is controlled by advanced automation systems, it is possible to directly and easily control the parameters of thermal comfort and energy consumption. For such facilities, it is possible to use the proposed scenarios in a simple way and directly check the results. The proposed scenarios are ideas for improving the operation of the existing pool facility to maintain energy consumption at a reasonable level while ensuring the appropriate comfort parameters. Older-type facilities require a separate approach because it is important to reduce energy and provide better conditions in those buildings. Not every pool facility can afford to invest in system changes, and simple but effective solutions should be sought. Thanks to the short-term in situ measurements carried out in the analyzed facility, it was possible to diagnose the reasons for the high energy consumption: the air handling unit operated in the mode without heat recovery and with a constant, too high ventilation rate. Solutions have been proposed in several variants that, while improving user comfort, will not significantly increase the facility’s operating costs. Due to the nature of the facility and the maintenance provided, it was not possible to implement all scenarios. However, the measurements made and the inclusion of their results in the simulations allow us to conclude that the analyses and simulations performed can be treated as measurement-validated.



The general conclusions from the conducted analyses are as follows:




	(1)

	
Conducting in situ measurements, even in a very limited scope, allows for determining actions that can lead to an improvement in thermal comfort in a room while reducing energy consumption.




	(2)

	
Due to the reduction in the ventilation rate during the night, the electricity consumption was reduced. Assuming a reduction in the ventilation rate of 33% during the day and 45% at night compared to the base variant, 27% of the electric energy needed for the operation of ventilation was saved per year.




	(3)

	
The use of the scheduling of the operation of the air handling unit, even in such a limited scope as variable performance during the day and night, can bring significant money savings, which is very valuable nowadays.




	(4)

	
Due to the reduced evaporation from the pool during the night, associated with the absence of disturbances of the water, it is possible to reduce the ventilation rate at night in all swimming pool facilities.




	(5)

	
Conducting more advanced in situ measurements allows for identifying faults in the controller settings. As a result of the measurements, it was established that air in the analyzed air handling unit does not flow through the heat exchanger but through a bypass. The introduction of an exchanger for heat recovery into air treatment by moving the throttle in the air handling unit would make it possible to achieve savings in the amount of heat at the level of 46% compared to the base situation.




	(6)

	
The use of a variable proportion of outside air allows us to ensure comfortable relative humidity in the swimming pool room. At the same time, the use of a smaller share of outside air in winter allows for savings in the amount of heat supplied to the day AHU by 22%. Due to this, you can reduce costs without compromising thermal comfort in the room.




	(7)

	
Increasing the temperature of the air in the swimming pool to a level that guarantees comfortable conditions is associated with an increase in the demand for heat in the analyzed facility by 26%.









Summary


In older pools, where the technical equipment is not the latest, there are often problems with thermal comfort or too-high energy consumption. In this case, it is often challenging to apply advanced control recommendations. Recommendations regarding the modernization of technical systems that would bring the best results involve the need to incur high investment costs. The conducted analyses respond to the need to introduce changes in such facilities. It was proposed to carry out short in situ measurements, evaluate the obtained results, and perform simple simulations, due to which it will be possible to improve thermal comfort and reduce energy consumption.



The use of several of the change scenarios allows for obtaining appropriate parameters of the indoor air in the pool and, at the same time, reducing energy consumption. It is recommended to use a variable ventilation rate during the day and at night, reduce the ventilation rate to a level that allows for maintaining the relative humidity at 55%, and increase the air temperature in the pool. This approach will make users feel comfortable, and the pool manager will not feel a change in operating costs and may achieve savings. Such conclusions were obtained by performing short-term measurements that are possible in every swimming pool facility.



Equipping air handling units with modern controllers, thanks to which it will be possible to introduce a work schedule, control the share of external air, and better program set points, will allow for savings and ensure thermal comfort. It is an investment worth considering, as shown by the measurements and simulations carried out. Equipping the AHU with temperature and relative humidity sensors to measure the parameters of the supply air, exhaust air, air in the mixing chamber and behind the heat recovery exchanger, and outside air would allow for proposing the most beneficial control algorithm for a given swimming pool facility. Such an algorithm could be developed after analyzing the measurements from the sensors. It could also be changed for different uses and seasons.
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Figure 1. Air handling unit (a) and air conditioning scheme (b). 
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Figure 2. Scheme of the research plan. 
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Figure 3. Photo of the test facility. 
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Figure 4. Schematic of air distribution in the analyzed swimming pool (diagram of the ventilation unit, Figure 1). 
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Figure 5. Comparison of relative humidity in the pool in three scenarios. 






Figure 5. Comparison of relative humidity in the pool in three scenarios.



[image: Energies 16 05886 g005]







[image: Energies 16 05886 g006 550] 





Figure 6. Comparison of heat demand in two scenarios; Scenario 7 with temperature in the pool ensuring thermal comfort. 
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Figure 7. Comparison of electricity consumption in three scenarios. 






Figure 7. Comparison of electricity consumption in three scenarios.



[image: Energies 16 05886 g007]







[image: Energies 16 05886 g008 550] 





Figure 8. Comparison of heat demand in seven scenarios with the measured value. 
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Table 1. Guidelines for comfortable conditions in general-purpose swimming pools [19].
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	Temperature
	Indoor Air
	Pool Water





	Regular pool
	30 °C
	28 °C



	Relative humidity
	50–60%
	−
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Table 2. Research plan for the test facility.






Table 2. Research plan for the test facility.





	

	
Measurements

	
Measurement Period

	
Results

	
Evaluation

	
Conclusions

	
Recommendations






	
Stage 1

March

	
Minimum—measurements only in the swimming pool

	
1 h during the day (12:00)

1 h after closing (22:00)

	
Averaging values

	
Parameters recommended as comfortable according to Table 1

	
Evaluation of the possibility of improving the measured state

	
Definition of specific corrective actions




	
Measured parameters

	
Supplied air—tSU, RHSU/Exhaust air—tEX, RHEX/External air—tE, RHE/Air stream/Number of swimmers/Electricity consumption of air handling unit




	
Calculated parameters

	
The power of the heater (Equation (6))




	
Implementation of corrective actions based on the recommendations from Stage 1

Checking after a longer period of the operation of the facility in new conditions




	
Stage 2

May

	
Minimum: measurements only in the swimming pool. If possible, supplement the measurements with the values measured in the air handling unit

	
1 h during the day (12:00)

1 h after closing (22:00)

	
Averaging values

	
Parameters recommended as comfortable according to Table 1 and the assessment of the improvement of parameters according to the recommendations

	
Evaluation of the achieved improvement in terms of comfort and energy consumption. Definition of further possible actions—definition of scenarios

	
Perform a simulation in order to select the most advantageous operation for the analyzed facility (Section 4.3)




	
Measured parameters

	
Supplied air—tSU, RHSU/Exhaust air—tEX, RHEX/External air—tE, RHE/Air stream/Number of swimmers/Electricity consumption of air handling unit

Additionally: inside the AHU after mixing—tMIX, RHMIX




	
Calculated parameters

	
The power of the heater (Equation (6))




	
Stage 3

Simulations

	
Calculations of parameters in the air handling unit

	
1 day

	
Average values for each hour, labeling the values measured in Step 2 for the two selected hours

	
Based on the difference in energy consumption from baseline and thermal comfort rating

	
Evaluation of the results for each scenario and selection of the solution for which the energy consumption will be the lowest

	
Further recommendations for conclusions




	
Conclusion
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Table 3. Characteristics of the parameter changes in each of the scenarios.
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Characteristics of the Changes

in Parameters

	
Baseline

(From the Results of Stage 2)

	
Scenario




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
Air stream daytime

	
VSU,DAY

[m3/h]

	
13,400

	
13,400

	
10,900

	
13,400

	
13,400

	
13,400

	
13,400

	
13,400




	
Air stream nighttime

	
VSU,NIGHT

[m3/h]

	
13,400

	
11,400

	
8900

	
13,400

	
13,400

	
13,400

	
13,400

	
13,400




	
External air share

	
αEX

[%]

	
70

	
70

	
70

	
50

	
Variable

	
70

	
70

	
70




	
Relative humidity

	
RH

[%]

	
≈45%

	
≈45%

	
≈55%

	
≈55%

	
≈45%

	
55%

	
≈50%

	
≈45%




	
Supply air temperature

	
tSU

[°C]

	
27

	
27

	
27

	
27

	
27

	
27

	
27

	
30




	
Heat exchange efficiency

	
η

[%]

	
0

	
0

	
0

	
0

	
0

	
0

	
50

	
0




	
Characteristic

	
V = 13,400 m3/h

αEX = 70%

RH = 40%

η = 0%

tSU = 27 °C

	
VSU,NIGHT

= 11,400 m3/h

(−15%)

	
V SU,DAY

= 10,900 m3/h

(−33%)

V SU,NIGHT

= 8900 m3/h

(−42%)

	
αEX

= 50%

(−20%)

	
αEX

= variable

	
RH = 55%

(+15%)

	
η = 50%

	
tSU = 30 °C

(+3 °C)
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Table 4. The results of measurements of external air parameters for the analyzed day and the base power of the heater.
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Hour

	
Temperature

	
Relative

Humidity

	
Moisture

Content

	
Heat

Demand

Equation (6)

	
Hour

	
Temperature

	
Relative

Humidity

	
Moisture

Content

	
Heat

Demand

Equation (6)




	
tEX

	
RHEX

	
xEX

	
QH,0

	
tEX

	
RHEX

	
xEX

	
QH,0




	
[°C]

	
[%]

	
[kg/kg]

	
[kW/h]

	
[°C]

	
[%]

	
[kg/kg]

	
[kW/h]






	
Daytime

	
Nighttime




	
06:00

	
7

	
78

	
0.0048

	
64.7

	
22:00

	
9.5

	
49

	
0.00359

	
56.8




	
07:00

	
6.8

	
78

	
0.00476

	
65.3

	
23:00

	
9.2

	
50

	
0.00359

	
57.7




	
08:00

	
6.8

	
82

	
0.00501

	
65.3

	
00:00

	
8.4

	
51

	
0.00347

	
60.2




	
09:00

	
6.8

	
86

	
0.00526

	
65.3

	
01:00

	
8.4

	
52

	
0.00354

	
60.2




	
10:00

	
6.5

	
75

	
0.00449

	
66.2

	
02:00

	
8.4

	
55

	
0.00374

	
60.2




	
11:00

	
7.5

	
60

	
0.00384

	
63.1

	
03:00

	
8.4

	
56

	
0.00381

	
60.2




	
12:00

	
9.9

	
54

	
0.00407

	
55.58

	
04:00

	
8.4

	
60

	
0.00408

	
60.2




	
13:00

	
11.2

	
46

	
0.00378

	
51.4

	
05:00

	
8.4

	
62

	
0.00422

	
60.2




	
14:00

	
11.8

	
42

	
0.00359

	
49.5

	
06:00

	
8.4

	
65

	
0.00443

	
60.2




	
15:00

	
12.5

	
40

	
0.00358

	
47.3

	




	
16:00

	
12.6

	
40

	
0.0036

	
46.9




	
17:00

	
12.8

	
39

	
0.00356

	
46.3




	
18:00

	
12.5

	
44

	
0.00394

	
47.3




	
19:00

	
12.4

	
45

	
0.004

	
47.6




	
20:00

	
10.9

	
46

	
0.0037

	
52.3




	
21:00

	
10.4

	
48

	
0.00374

	
53.9




	
Heat demand 1424 kWh/day
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Table 5. Assumptions and calculation data for Scenario 1.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	α = 70%
	−



	Exhaust Air (EX)
	26 °C
	Equation (12)
	Equation (11)
	(1 − α) = 30%
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	27 °C
	not applicable
	xSU = xMIX
	not applicable
	During the day 13,400 m3/h

At night 11,390 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	Equation (9)
	not applicable
	−
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Table 6. Assumptions and calculation data for Scenario 2.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	α = 70%
	−



	Exhaust Air (EX)
	26 °C
	Equation (12)
	Equation (11)
	(1 − α) = 30%
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	27 °C
	not applicable
	xSU = xMIX
	not applicable
	During the day 10,500 m3/h

At night 8920 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	Equation (9)
	not applicable
	−
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Table 7. Assumptions and calculation data for Scenario 3.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	α = 50%
	−



	Exhaust Air (EX)
	26 °C
	Equation (12)
	Equation (11)
	(1 − α) = 50%
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	27 °C
	not applicable
	xSU = xMIX
	not applicable
	During the day 13,400 m3/h

At night 13,400 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	Equation (9)
	not applicable
	−
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Table 8. Assumptions and calculation data for Scenario 4.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	Variable,

Equation (4)
	−



	Exhaust Air (EX)
	26 °C
	47%
	xEX = 9.88 kg/kg
	(1 − α)
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	27 °C
	not applicable
	xSU = 5.92 kg/kg
	not applicable
	During the day 13,400 m3/h

At night 13,400 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	xMIX = xSU
	not applicable
	−
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Table 9. Assumptions and calculation data for Scenario 5.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	variable,

Equation (4)
	−



	Exhaust Air (EX)
	26 °C
	55%
	xEX = 11.7 kg/kg
	(1 − α)
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	27 °C
	not applicable
	xSU = 7.7 kg/kg
	not applicable
	During the day 13,400 m3/h

At night 13,400 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	xMIX = xSU
	not applicable
	−
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Table 10. Assumptions and calculation data for Scenario 6.
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	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	α = 70%
	−



	Exhaust Air (EX)
	26 °C
	Equation (12)
	Equation (11)
	(1 − α) = 30%
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Heat Exchanger (EX)
	Equation (7)
	not applicable
	xHE = xE
	not applicable
	Heat exchange efficiency

η = 50%



	Supply Air (SU)
	27 °C
	not applicable
	xSU = xMIX
	not applicable
	During the day 13,400 m3/h

At night 13,400 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	Equation (9)
	not applicable
	−
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Table 11. Assumptions and calculation data for Scenario 7.






Table 11. Assumptions and calculation data for Scenario 7.





	Analyzed

Point
	Temperature
	Relative

Humidity
	Moisture

Content
	Share in

the Air Stream
	Other





	External Air (E)
	Table 4
	Table 4
	Table 4
	α = 70%
	−



	Exhaust Air (EX)
	29 °C
	Equation (12)
	Equation (11)
	(1 − α) = 30%
	Evaporation during the day 64.0 kg/h

Evaporation at night 53.1 kg/h



	Supply Air (SU)
	30 °C
	not applicable
	xSU = xMIX
	not applicable
	During the day 13,400 m3/h

At night 13,400 m3/h



	Air in Mixing Chamber (MIX)
	Equation (10)
	not applicable
	Equation (9)
	not applicable
	−
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Table 12. Measurement results from Stage 1—Winter period for selected hours.
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Parameters

	
Daytime 12:00

	
Nighttime 22:00




	
Temperature [°C]

	
Relative

Humidity [%]

	
Moisture Content [kg/kg]

Equation (1)

	
Temperature [°C]

	
Relative

Humidity [%]

	
Moisture Content [kg/kg]

Equation (1)






	
Supply Air

	
23.7

	
28.6

	
0.0052

	
25.6

	
24.4

	
0.0049




	
Exhaust Air

	
24.3

	
51.0

	
0.0097

	
24.4

	
43.6

	
0.0089




	
Pool

	
24.5

	
50.0

	
0.0096

	
24.6

	
46.0

	
0.0089




	
Outdoor

	
7.7

	
55.0

	
0.0036

	
4.9

	
67.0

	
0.0036




	
Water Temperature [°C]

	
28

	
28




	
Number of Swimmers

	
19

	
0




	
Air Flow [m3/h]

	
15,475

	
15,530




	
Δx = xSU − xEX [kg/kg] Equation (2)

	
0.0045

	
0.0033




	
Evaporation [kg/h] Equation (3)

	
83

	
62.1




	
Evaporation Rate [kg/h/m2]

	
0.266

	
0.199
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Table 13. Stage 2 measurement results after the implementation of corrective actions.
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Parameters

	
Daytime 12:00

	
Difference

	
Nighttime 22:00

	
Difference




	
Temperature [°C]

	
Relative Humidity [%]

	
Moisture Content [kg/kg]

	
Temperature [°C]

	
Relative Humidity [%]

	
Temperature [°C]

	
Relative Humidity [%]

	
Moisture Content [kg/kg]

	
Temperature [°C]

	
Relative Humidity [%]






	
Supply Air

	
25.9

	
28

	
0.0058

	
2.2

	

	
28

	
22

	
0.515

	
2.4

	




	
Exhaust Air

	
25.9

	
46.7

	
0.0098

	
1.6

	

	
25.9

	
41

	
0.852

	
1.5

	




	
Pool Air

	
26.2

	
43.5

	
0.00922

	
1.7

	
−10

	
25.7

	
39.8

	
0.0082

	
1.1

	
−5




	
Outdoor Air

	
9.9

	
55

	
0.00414

	
2.2

	

	
9.5

	
51

	
0.0037

	
4.6

	




	
In AHU Mixing Chamber

	
15.2

	
54.4

	
0.00582

	
−

	

	
13.8

	
53

	
0.0052

	
−

	




	
Swimmers

	
24

	

	

	
0

	

	

	

	




	
Water Temperature [°C]

	
27.8

	

	

	
0.2

	

	
27.8

	

	

	
0.2

	




	
Air Flow [m3/h]

	
13,417

	
−2058

	
13,312

	
−2218

	




	
External Air Share [%]

	
−

	
−

	
70.0

	
−




	
Δx [kg/kg]

	
0.00398

	
0

	

	
0.00337

	
0

	




	
Evaporation rate [kg/h]

	
64.1

	

	
−18.9

	
53

	

	
−14




	
Evaporation rate [kg/h/m2]

	
0.205

	

	

	
−0.06

	

	
0.17

	

	

	
0.02
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Table 14. Comparison of thermal comfort parameters in a swimming pool in seven scenarios.
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Scenario

	
Baseline

	
Scenario




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
Characteristic

	
VSU = 13,400 m3/h

αEX = 70%

RH = 40%

η = 0%

tSU = 27 °C

	
VSU,NIGHT

= 11,400 m3/h

(−15%)

	
VSU,DAY

= 10,900 m3/h

(−33%)

VSU,NIGHT

= 8900 m3/h

(−42%)

	
αEX = 50%

(−20%)

	
αEX

= variable

	
RH = 55%

(+15%)

	
η = 50%

	
tSU = 30 °C

(+3 °C)




	
Average relative humidity [%]

	
46.6

	
46.6

	
53.9

	
56.5

	
46.6

	
56.5

	
52.4

	
46.6




	
Average temperature [°C]

	
26

	
26

	
26

	
26

	
26

	
26

	
26

	
29
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Table 15. Heat demand in seven scenarios of proposed changes for the day analyzed.
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Baseline

	
Scenario




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
VSU = 13,400 m3/h

αEX = 70%

RH = 40%

η = 0%

tSU = 27 °C

	
VSU,NIGHT

= 11,400 m3/h

(−15%)

	
VSU,DAY

= 10,900 m3/h

(−33%)

VSU,NIGHT

= 8900 m3/h

(−42%)

	
αEX = 50%

(−20%)

	
αEX

= variable

	
RH = 55%

(+15%)

	
η = 50%

	
tSU = 30 °C

(+3 °C)




	
Heat demand [kWh/day]

	
1424

	
1334

	
1108

	
1049

	
1392

	
1085

	
769

	
1580




	
Difference [%]

	
−6%

	
−22%

	
−26%

	
−2%

	
−24%

	
−46%

	
+16%
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