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Abstract

:

This study discusses the choice of dehumidification systems for high-moisture indoor environments, such as indoor swimming pools, supported by an eco-energetic performance comparison. Initially, the causes of the high relative humidity and condensation in these spaces are reported, as well as the available dehumidification technologies. Two different solutions are described: desiccant wheel dehumidification and re-cooling. The energy demand required by a refrigeration system is lower than the desiccant wheel; however, the former system requires less maintenance and does not require refrigerant fluid. An eco-energetic comparison is performed between the two systems in two countries with different energy matrices (Brazil and USA). In Brazil, the desiccant wheel is the best choice for the past 10 years, with a predicted 351,520 kgCO2 of CO2 emissions, which is 38% lower than the refrigeration system. In the USA, the best option is the refrigeration system (1,463,350 kgCO2), a 12% more efficient option than desiccant wheels. This model can be considered for energy and CO2 emissions assessment, predicting which system has better energy efficiency and lower environmental impact, depending on the refrigerant type, location and environmental conditions.
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1. Introduction


Due to the health, physical preparation, survival, and leisure needs of the human body, swimming is the best for physical conditioning and regardless of age. Brazil has some of the highest IHD-M index (Municipal Human Development Index) in certain states. They are, in order: 0.844—Federal District, 0.814—São Paulo, 0.809—Rio Grande do Sul, 0.806—Santa Catarina, and 0.802—Rio de Janeiro. Four of these five states have well-defined winters for the Brazilian climate, and therefore, require artificially heated indoor pools. Indoor pools require condensation control, among other technologies, which can be achieved by dehumidification, refrigeration (with an evaporator and a condenser in series), or by silica desiccant wheel systems with resistive reactivation [1]. Public swimming pools and recreational activities involving water in general have a great potential for biological contamination and disease transmission, if not treated [2]. Due to the excessive amount of water evaporating, sometimes without proper treatment, the existence of bacteria, such as Staphylococcus aureus and other pathogens is verified [3].



This article presents a scientific bibliography analysis of data collected and surveys on dehumidification and ventilation of indoor swimming pools and compares refrigeration drying systems with desiccant wheels as an option to dehumidify the air to prevent mold growth and condensation.



The TEWI (Total Equivalent Warming Impact) indicator is used for this comparison. The TEWI metric of the global warming impact of equipment is supported by the production of greenhouse gases (GHG)—emissions produced during the operation of equipment and fluid emissions produced at the end of life [4,5,6,7,8].



One reason for the demand for dehumidification in indoor pools is water evaporation, which naturally occurs during this process, since it is an analytical energy standard for the planning and handling system of the pool.



A dehumidification system is used (desiccant wheels or conventional dehumidification by refrigeration) to remove the steam produced by heating water and to reduce condensation in cold areas of the pools. [9]. A comparison was made between these dehumidification equipment both with the same purposes—dehumidifying the pool area. There are differences between the systems: in the refrigeration dehumidification equipment, there is the direct expansion of the refrigerant fluids, and in the desiccant wheels, a rotor is used, which is composed of a set of resistors and uses silica. When designing air conditioning, desiccant wheels are essential components for reducing electricity consumption [10]. These two systems (refrigeration system and desiccant wheel) have their particularities. The refrigeration system has a refrigerant load that can provide a COP (coefficient of performance) from 3 to 9 W/W. The desiccant wheel system generally works with a resistive system in the reactivation area but does not have a refrigeration gas charge.



In this study, the emission of kgCO2 will be compared over the lifecycle of both systems. The TEWI indicator will be used to compare these two systems in Brazil and the USA, showing what environmental impact each solution offers in each country [11]. This model can be considered for energy and CO2 emissions assessment prediction, providing a simple and expeditious decision support tool concerning the energy efficiency and environmental impact of dehumidification systems, depending on the location and environmental conditions.



The following sections of the paper are organized as follows. Section 2 presents the materials and methods. Section 3 presents a comparative study of systems. Section 4 presents the results and their analysis and discussion. Finally, conclusions and future work are given in Section 5.




2. Materials and Methods


The city used for the simulation is Curitiba, with a climate classification, Cfa, according to Köppen subtropical, in the coldest month the average air temperature is 18 °C, and in the hottest month, the average air temperature is above 22 °C [12]. Table 1 shows the climate data for Curitiba, Brazil, while Table 2 shows the average values of conditions measured indoors.



In an indoor pool environment, the water temperatures are measured. The air temperature is set to be from 0 to 4 K or higher than the water temperature. Still, the relative humidity of the air must be from 40% to 80%, a value below 60% serves as a reference, and for the airspeed, the reference value would be equal to or less than 0.10 m/s in the proximity to users. [17].



The quality of the air can be altered due to the high humidity, allowing the growth of fungi, bacteria, and viruses in this environment. Keeping the relative humidity between 50% and 60% will reduce the number and activity of these organisms [18]. High humidity values are what affect comfort, productivity and human health the most, so ASHRAE [19] proposed a table of growth of bacteria, viruses, fungi, mites and other situations derived from pathogens according to relative humidity. Figure 1 shows the importance of maintaining relative humidity control in indoor swimming pools. Values outside of the green bar (optimal zone) indicates a decrease in effect. There is evidence on how particular ranges of humidity may act to decrease the amount of infectious disease particles [20].



Using ASHRAE 62.1, assuming 4 to 6 changes per hour, airflow is calculated for the entirety covered pool area. This pool is located in the city of Curitiba and has a volume of 600 m3; the necessary airflow as shown in Equation (1) [15].


   Air   Flow  : 600    m 3  × 4       a i r   c h a n g e s   h o u r   = 2400    m 3  / h  



(1)







Air renewal was used in this environment. An exhaust fan is used to ensure air renovation. For a comfortable temperature to be guaranteed for people, this equipment utilizes external air as an input for temperature control.



Controlling the humidity of the pool enclosure is required to reduce and/or eliminate condensation on the walls and glass surfaces. The reference environmental conditions should be a dew point of 19.1 °C; relative humidity of 60%; and an internal temperature of 28 °C (ASHRAE Psychrometric Chart application). Condensation will occur if the outside air temperature is below the 12 °C dew point while there is a relative humidity of 40%. This difference of 20% in relative humidity represents a condensation problem in 60% to 12.5% of hours annually. According to Figure 2, in the 60% relative indoor humidity condition the outdoor air is a major problem for condensation on the walls of the closed pool environment in 60% of the annual hours. At a relative humidity of 40%, the outside air would promote air condensation in the indoor pool in only 12.5% of the annual hours.



A 40% relative humidity value eases the minimum R-value requirement (a significant issue for fenestration, less so for insulated walls and ceilings). On the other hand, a 60% relative humidity value reduces the dehumidification load (smaller equipment) [22]. Figure 3 shows the essential components of an indoor pool cover [21].



To find the amount of water, several factors must be considered:




	
Water activities.



	
Indoor air temperature.



	
Speed of air movement on the surface of the pool water.



	
Relative indoor air humidity.



	
Water heating temperature in the pool. The question of the type of activity is related to the intensity of water carried over the pool (drag force), the temperature, air velocity and relative humidity with the level of water evaporation [22]. The standard AHRI 911-2014 recommends a simulation with pool dehumidification equipment with an internal temperature of 28 °C and a wet bulb of 22 °C, that is, relative humidity of 60% (at sea level) [23], water temperature of 27 °C, and setting the condenser air temperature to 28 or 35 °C. ANSI/ASHRAE Standard 190-2013 does not include parameters for desiccant wheels [24], while AHRI 1061 defines parameters for enthalpy wheels and enthalpy cubes but also lacks a specific AHRI for desiccant wheels [25].








For a water temperature of 27 °C and an indoor air temperature of 28 °C, with an air velocity of 0.125 m/s and assuming the swimming pool closed for public use, the usage factor is equal to 1. For these conditions, evaporation is 0.2142 kgwater/m2 for a closed swimming pool of 40 m2 with a water surface of 5 m2 [26,27]. The dehumidification index is given by Equation (2).


    Dehumidification   Index  =    Area    ×    Evaporation   factor      Dehumidification   Index  =  (  40 × 0.2142  )  +  (  5 × 0.2142  )  = 9.639    kg  / h   



(2)







Thus, for this simulation, 231.33 kg of humidity is removed from the environment per day. With this value, the dehumidification systems, with either refrigeration or desiccant wheel, are compared, and the more efficient of the two will be determined through the results.




3. Comparative Study of Systems


3.1. Refrigeration Dehumidifier


Dehumidification using a refrigeration system recovers all the latent and sensible heat from the environment. Latent heat (moist air) is condensed and cooled via a dehumidifying coil. All energy is transferred to a refrigerant fluid. Almost all the energy recovered by it is returned to the airflow as sensible heat in the reheat coil. This heat is delivered to the pool’s internal environment, changing the air temperature setting. Additional heating is provided on-site to compensate for the heat loss by conduction through the windows and walls of the room.



Initially, the air filtration system captures airborne contaminants and particles in the indoor air that passes through the first (G4 efficiency) and second stage (F5 efficiency). Excess moisture is reduced by passing the partially filtered air through the direct expansion dehumidifier system. The remaining moisture in the air condenses and turns into water. The drain pan captures the water that is expelled due to the positive pressure of the filtered air renovation system.



The final stage of the filter serves to remove micron-sized elements and airborne bacteria from the dry air. The final air outlet is dry and clean. This process continues until the ambient air reaches the desired humidity level.



Refrigeration dehumidification equipment works with direct expansion, with the refrigerant fluid coil. These coils, made of copper, are strongly corroded by chlorine.



The simulation was performed with a 4Pool brand equipment [18], model 240C, which dehumidifies 120 kg/day. To meet a 231 kg/day demand, two pieces of equipment are required; each one has an electrical power of 3.9 kW and an HFC 410A refrigerant gas load of 5 kg. A scheme of the airflow through the dehumidification system by refrigeration is shown in Figure 4.




3.2. Dehumidifier with Desiccant Wheel


Dehumidifiers with adsorption systems, or desiccant systems, are coated with materials of high absorption (hygroscopic) that remove moisture from the air as needed, as shown in Figure 5.



The advantages of desiccant wheels are [22]:




	
Long lifespan;



	
Digital and accurate control according to application needs;



	
Automatic adjustment of relative humidity according to indoor environmental situations;



	
Performance is not reduced in environments with a temperature range from 0 °C to 45 °C;



	
High performance in critical situations when precision is required;



	
No accumulation of liquid (water) in the compartment;



	
A good investment;



	
Very low maintenance.








The dehumidifier must be able to operate even without energizing the reactivation heater for long periods, and without damaging the desiccant cylinders. In this study, the dehumidifier model FFB 300 Ecodry [22] is used and consists of three high-efficiency desiccant cylinders with a dehumidification capacity of 80 kg/day and electrical power of 3.8 kW each, thus totaling 11.4 kW of electricity consumed. Figure 6 shows an inside view of a desiccant wheel [22].



In the first instance, refrigeration dehumidification seems more advantageous because, for the same capacity (240 kg/day), it has an energy demand of 7.8 kW. Regarding environmental sustainability, the TEWI (Total Equivalent Warming Impact) considers indirect and direct emissions produced through energy consumption in the equipment’s operation. The TEWI index measures, in kg, the chemical compound carbon dioxide (CO2) equivalents. The TEWI is calculated as the sum of the two parts:




	
Direct emission—This includes part of the refrigerant fluids available during the equipment’s useful life, including until the end of its life, all unrecovered losses.



	
Indirect emission—There is a huge impact on CO2 emissions from the use of fossil fuels, which generates the electricity used to operate equipment over its lifetime.








The TEWI calculation is given by Equations (3) and (4) [28]):


  TEWI = GWP  (  direct ,    refrigerant   leaks   includig   EOLC   )  + GWP  (  indirect ,    operation   )   



(3)






  TEWI =  (  GWP ·  L  a n n u a l   · n  )  + GWP ⋅ m ⋅  (  1 −  α  r e c o v e r y    )  +  (   E  a n n u a l   ⋅ β ⋅ n  )   



(4)




where:



TEWI = Total Equivalent Warming Impact.



GWP = Global Warning Potential of refrigerant, relative to CO2 (GWP CO2 = 1).



EOLC = End-of-life cycle.



Lannual = Leakage rate (leakage) p.a. (kg).



n = System operating life (years).



m = Refrigerant charge (kg).



αrecovery = Recovery/recycling factor, from 0 to 1.



Eannual = Energy consumption per year (kWh pa. a.).



β = Indirect emission factor (kgCO2/kWh) [29].



The GWP (Global Warming Potential) is essential information for calculating the TEWI, but it is a more complete indicator, as it addresses the demand for gas leaks and indirect emissions from energy matrices.



The cost of the dehumidification system is very important, but the most integral indicator for deciding is the environmental operation, which has a life cycle cost.



The result of the TEWI is the formula that gives total CO2 emissions and life cycle energy. The effect and impact of these variables show that refrigerants have a greater consequence in Brazil than in other important world markets.



Emissions by sources (indirect emission factor, β, given in kg CO2/kWh, varies according to the energy available to be transformed (energy matrix). For example, in Brazil, the electricity system matrix is divided into the same transmission throughout the country, from north to south; therefore, with the National Energy Balance of Brazil (BEN) [30], Brazil emits 0.088 kg (CO2)/kWh. In the United States of America, they emit 0.417 kg (CO2), based on data from the Energy Information Administration (EIA) [31].





4. Analysis and Discussion


To compare the systems, a lifecycle of ten years was considered because swimming pools use chlorine, which is corrosive. Even though ASHRAE recommends 15 years for heat pumps, the 10-year value is based on the ASHRAE Equipment Life Expectancy chart for self-contained machine [32]. Specific information about swimming pools is not found in the ASHRAE standards, so in the simulation performed, an equipment use factor of 40%/year was used, due to temperature variations and possible openings of mobile roofs in the summer.



Equation (5) shows a 10-year interpretation of the TEWI indicator for dehumidification [24,28]:


TEWIDehumidification = GWP (direct, refrigerant leaks including EOLC) +

Power input·Use factor·8760·β·10



(5)







The classified variables are indirect emissions, which are the fluid used is fluid R 410A with GWP = 2088, with a refrigerant weight of 5 kg per equipment (10 kg for a total of 2 machines) [33]. A useful life of 10 years was the considered with a leakage rate of 12.5% per year (Lannual) and a recovery rate of 70% (αrecovery) of the refrigerant fluid [34]. The values are the same regardless of the countries in question. By applying Equation (2), the direct emissions component was 323,640 kg (CO2) [33,34,35,36].



The annual energy emissions in Brazil were 240,510 kg (CO2) for the refrigeration de-humidification system and 351,520 kg (CO2) for the desiccant wheel system. In the USA, it is 1,139,710 kg (CO2) for the dehumidification system refrigeration and 166,573 kg CO2 for the desiccant wheel system, as shown in Figure 7. The total emission values are shown in Figure 8 for both countries.



It is possible to verify that the best eco-energy option for Brazil is the desiccant wheel, while for the USA it is the refrigeration system. This difference is due to a more sustainable energy matrix. The weight of the GWP of the refrigerant fluid is very high, specifically in a refrigeration dehumidification system in Brazil. Throughout the life of the equipment, the refrigerant gas is responsible for 57.5% of kgCO2 emissions, while in the USA, the refrigerant fluid only contributes 22%.



Another important observation is that the two options have a difference of 38% in Brazil and 12% in the USA, that is, the desiccant wheel option in Brazil is much better than the refrigeration option in the USA.



Since the difference is small in the USA, it must be considered that the desiccant wheel has a lower noise level and also fewer moving parts; therefore, it can be an advantage to use such technology, but it is worth remembering that the corrosion of copper coil is greater than that of silica wheels. Although they are not yet highly commercial, there are refrigerants, such as HFO (based on hydrofluoroolefin), with a low GWP value of 466 that may be strong alternatives in the near future. The simulation is extended to the comparison with this new alternative refrigerant [36,37,38], as shown in Figure 9.



Using low GWP refrigerant such as R454-B, the best option for dehumidifying swimming pools is refrigeration, but even so in countries with more sustainable energy matrices such as Brazil, the refrigeration system was only 12% more efficient in terms of emissions, that is, even with HFO the refrigerant gas it has a large environmental impact.




5. Conclusions


Sustainability and quality of life are topics of great importance today, but the important scientific question is how to measure them.



One of the most participated sports is swimming, which, in countries and locations with cold and temperate climates, is only viable with indoor pools. One of the major problems of indoor pools is condensation on windows and walls. The technological solutions to reduce or eliminate condensation are dehumidifiers with refrigeration systems or desiccant wheels. A pool area of 45 m2 was used as a base, and ASHRAE methodologies were used to determine the required dehumidification.



In places with a less polluting energy matrix, the option of a desiccant wheel will generate a lower level of emissions (for example, Brazil) even when using more energy. Having a source such as green hydrogen [39] could even enable resistive systems with a desiccant wheel for dehumidification due to the absence of refrigerant fluid.



Emissions from the energy matrix have a great influence on the TEWI value, but an important factor is the impact of the refrigerant gas inserted in the equipment. Environmental policies, such as green carbon, can help reduce these emissions, but also the use of low-GWP refrigerants should be a parallel measure to reduce emissions in HVAC-R (heating, ventilation, air conditioning, and refrigeration) applications.



Future work considers the simulation of a desiccant system using solar energy in the reactivation, so the energy would be considerably reduced during the day. A desiccant solar system consists of a combination of solar energy for the reactivation system and a desiccant wheel and an evaporative system, which can be a solution in places with high solar irradiation [40], but the difficulty is that in these places the pools generally do not need to be covered [37]. Another alternative is to use natural refrigerant fluids (propane, carbon dioxide or ammonia) in refrigeration dehumidification systems that have extremely low GWPs, but in contrast, they either work at high pressure (CO2), or are combustible (propane) or toxic (ammonia) [38]. This methodology for measuring energy and CO2 emissions through TEWI can be a way for institutions, such as AHRI and Eurovent, to create a standard to measure efficiency in desiccant wheel equipment, as there are Eurovent standards for regenerative air-air heat exchangers [41]. There are also standards available from AHRI [25], but they lack a procedure for desiccant wheels. In addition, this research work emphasizes the association of energy efficiency with CO2 emissions that should guide future energy efficiency decisions [8].
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Figure 1. Importance of maintaining control of relative humidity in indoor swimming pools (Adapted from [19]). 
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Figure 2. Cumulative dry-bulb temperature per year (Curitiba, Brazil) (Adapted from [21]). 
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Figure 3. Schematic section of the indoor pool (Adapted from [15]). 
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Figure 4. Air flow equipment 4Pool (Adapted from [18]). 
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Figure 5. Schematic of a desiccant wheel (adapted from [22]). 






Figure 5. Schematic of a desiccant wheel (adapted from [22]).



[image: Applsci 13 06824 g005]







[image: Applsci 13 06824 g006 550] 





Figure 6. Internal content of a desiccant wheel (adapted from [22]). 
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Figure 7. CO2 emissions for 10 years [4]. 
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Figure 8. Refrigeration vs. desiccant wheel emissions for Brazil vs. the USA. 
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Figure 9. Systems in Brazil and USA vs. Emissions CO2 kg 10 years. 
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Table 1. Climate data for Curitiba [13].
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	Parameter
	Value





	City
	Curitiba



	Altitude (m)
	906



	Summer—Coinciding Wet Bulb Temperature (°C)
	23.2



	Winter—Dry Bulb Temperature (°C)
	8.8



	Summer—Dry Bulb Temperature (°C)
	31
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Table 2. Indoor data for Curitiba [14,15,16].
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	Parameter
	Value





	Standard Option
	ASHRAE 62.1



	Indoor Relative Humidity
	40% a 60%



	Humidity Control
	Yes



	Internal Dry Bulb Temperature (°C)
	28 °C (±2 °C)
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