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Abstract

:

In this study, experimental apparatus of desiccant dehumidification was developed at lab-scale, using silica gel as a desiccant material. Experimental data were obtained at various ambient air conditions, while focusing the climatic conditions of Multan (Pakistan). A steady-state analysis approach for the desiccant dehumidification process was used, and thereby the slope of desiccant dehumidification line on psychrometric chart (ϕ*) was determined. It has been found that ϕ* = 0.22 in case of silica gel which is lower than the hydrophilic polymeric sorbent, i.e., ϕ* = 0.31. The study proposed two kinds of systems, i.e., (i) standalone desiccant air-conditioning (DAC) and (ii) Maisotsenko-cycle-assisted desiccant air-conditioning (M-DAC) systems. In addition, two kinds of desiccant material (i.e., silica gel and hydrophilic polymeric sorbent) were investigated from the thermodynamic point of view for both system types, using the experimental data and associated results. The study aimed to determine the optimum air-conditioning (AC) system type, as well as adsorbent material for building AC application. In this regard, perspectives of dehumidification capacity, cooling capacity, and thermal coefficient of performance (COP) are taken into consideration. According to the results, hydrophilic polymeric sorbent gave a higher performance, as compared to silica gel. In case of both systems, the performance was improved with the addition of Maisotsenko cycle evaporative cooling unit. The maximum thermal COP was achieved by using a polymer-based M-DAC system, i.e., 0.47 at 70 °C regeneration temperature.
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1. Introduction


Air-conditioning systems (ACS) are mainly used to maintain a comfortable/favorable zone in a controlled environment by manipulating temperature and relative humidity. Heating, cooling, humidification–dehumidification and ventilation are some of the modes of the ACS which correspond to the climatic conditions and the required application of air-conditioning (AC) [1]. Depending upon the type of the AC application and the climatic conditions, multiple ACS modes could be applied [2]. In addition, different AC applications require particular ranges of temperature and relative humidity [3,4,5,6]. Conventionally, vapor compression air-conditioning (VCAC) systems are used to condition the environment, which primarily use hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) as refrigerant, endorsing environmental degradation and high energy consumption [3]. Consequently, the VCAC systems contribute to global warming (GW) due to carbon dioxide (CO2) emissions [7]. Alternatively, the heat driven adsorption/absorption-based environment friendly ACS are in practical use [2,8]. In ACS, 30–40% of overall energy is used by buildings throughout the world, i.e., approximately half of the total energy consumption [9,10]. In addition, heating, ventilation, and air-conditioning (HVAC) systems consume 50% of the entire building energy [11]. Therefore, environment friendly and least-energy-consumptive cooling systems are promising for AC. Evaporative cooling systems are environment friendly and least-energy-consumptive option for building AC load management.



Evaporative cooling (EC) is a well-known and old cooling process that uses the water evaporation to lower the temperature of air. These cooling systems include direct evaporative cooling (DEC), indirect evaporative cooling (IEC), Maisotsenko cycle, i.e., M-cycle evaporative cooling systems (MEC) and M-cycle based indirect evaporative cooling (M-IEC) [7]. DEC is the simplest type of EC system in which the air comes into direct contact with water’s surface to decrease its temperature. It increases the humidity of the air by using the latent heat of water [12]. In term of temperature depression, DEC has around 70% to 95% effectiveness but the main downside of DEC is an excessive amount of humidification because the water vapors constantly disperse in the air till saturation occurs [13]. The IEC is a system in which heat and mass transfer takes place without adding moisture to reduce the temperature of primary/ambient air. The IEC system comprises of a dry channel and a wet channel. [14]. Cooling in wet channel has a psychrometric limitation to wet-bulb temperature (i.e., through direct evaporative cooling); therefore, the cooling in dry channel is dependent on (and is limited to) sensible heat transfer between the dry and wet channel (i.e., wet-bulb temperature of the air in wet channel). Hence, wet-bulb effectiveness (εwb) can be used to define the performance of the IEC system on the basis of sensible cooling. Therefore, the IEC system can reduce the temperature down to the wet-bulb temperature, and its wet-bulb effectiveness ranges from 0.5 to 0.65 [15,16]. The drawback of the IEC system is low wet-bulb effectiveness, as compared to the DEC system due to less sensible heat transfer between the channel walls [17]. However, the extract air from an air-conditioned environment can be used to perform DEC, to increase the wet-bulb effectiveness.



Maisotsenko cycle (M-cycle) conception was proposed as early as 1976, by Maisotsenko and his colleagues in the Soviet Union, via patent numbers SU979796 and SU620745 [7]. M-cycle evaporative cooling (MEC) is a system in which ambient air is subjected to a thermodynamic process in which air-available psychrometric renewable energy is used to reduce the ambient air temperature. It extracts energy from the surrounding air by using the latent heat of evaporation phenomena [18]. Two thermodynamic processes create the cooling effect in the MEC system: evaporative cooling and heat transfer in which the ambient air almost approaches the temperature of dew point instead of the temperature of wet bulb [19,20,21,22]. M-cycle air-conditioning (MAC) systems provide sensibly cooled air and saturated hot air simultaneously [3,23,24]. In particular, the MAC system could potentially be capable of reducing energy consumption, and uses relatively less energy than the VCAC systems [25,26,27]. The MAC system is a dedicated outside air system which utilizes fresh ambient air to provide cool air unlike the VCAC which require mechanical energy [28,29,30]. The evaporative cooling with the VCAC system has been utilized in the literature, to attain the required level of AC [14,31,32,33,34]. In addition, several experimental and theoretical studies have been performed to achieve the necessary temperature and humidity conditions for evaporative cooling systems [35,36,37,38,39,40,41,42]. However, the key limitation of evaporative cooling technologies (DEC, IEC, and MEC) is that it cannot be effectively implemented in regions where the moisture content in the air is comparatively high [1,6]. Therefore, to overcome this limitation, evaporative cooling systems coupled with desiccant dehumidification units could be a viable AC option for such regions.



Desiccant air-conditioning (DAC) system contains a dehumidifying component (desiccant) to dehumidify the process air. Owning to the difference in vapor pressure, a desiccant is a substance that can adsorb moisture from the air onto its surface. Desiccant materials are used in the AC system in both solid and liquid forms. Silica gel, activated aluminum composite adsorbents, and synthetic zeolite are widely used as solid desiccants. Lithium chloride (LiCl) and lithium bromide (LiBr) are liquid desiccants that are widely used. However, the major drawbacks of liquid desiccants are corrosiveness and crystallization [43,44]. Some recently developed composite materials that can perform even better are also available [45]. Due to their water attraction capability, the DAC systems are critical in applications where relative humidity (RH) control is mandatory. For humid climates, the DAC system is an energy-efficient and sustainable solution [3]. For temperature and humidity regulation, the DAC is incorporating desiccant dehumidification and evaporative cooling. The sensible and latent load of air can be treated simultaneously by the DAC system, which makes the DAC system versatile. The DAC is an environment-friendly technology, since it is free from CFCs, HCFCs (i.e., refrigerants). Therefore, the DAC contributes zero global warming (GW) and ozone depletion (OD). Additionally, the desiccant material used in the DAC system could easily be regenerated using low-grade waste heat or solar thermal heating source. In addition, via the desiccant dehumidification AC method, up to 5% and 30% energy consumption for heating and cooling, respectively, can be reduced by using the DAC systems as compared to the VCAC systems [3]. The general DAC applications include buildings, agriculture product storage, greenhouse AC, livestock AC [4,7,45,46,47,48,49] supermarkets, schools, cold warehouses, ice arenas, theaters, hotels, hospitals, automobiles [50], wet markets [51], drying grains [52], marine ships [53,54], and museums [55,56]. M-cycle supported DAC combines the characteristics of DAC and MAC. The M-DAC system attains two loads simultaneously. Latent load through the desiccant dehumidification process and sensible load through evaporative cooling [57,58,59]. M-DAC system is getting interested by the researchers and has been investigated in literature for humid climate [60,61,62,63].



In this research, a lab-scale open-cycle solid-silica-gel-based DAC experimental apparatus is locally developed. In literature, the DAC system comprises of desiccant blocks, rotor, or wheel that have a honeycomb like structure was used [4,64,65,66,67]. The significance of this research is that a solid-silica-gel-based DAC system was developed, at lab-scale, for the performance evaluation of the DAC system. In addition, this study offers researchers the opportunity to create their own solid-desiccant-based DAC systems at the lab-scale. According to Köppen–Giger climate classification, Multan has a warm desert climate. Concerning the climatic condition of Multan (Pakistan), the experimental data were obtained and analyzed. The experimental data were collected to evaluate the DAC system performance for such climatic conditions. The study proposed two kinds of systems: (i) standalone DAC system and (ii) M-cycle assisted DAC system. In addition, two kinds of desiccant material (i.e., silica gel and hydrophilic polymeric sorbent) are thermodynamically investigated for both system types, using the experimental data. The performance of the abovementioned systems is compared, and the feasibility of the systems is investigated on monthly basis by comparing dehumidification capacity, cooling capacity, and thermal coefficient of performance (COP) of the system.




2. Materials and Methods


2.1. Experimental Section


An open-cycle lab-scale desiccant experiment system was set up. It contained a heater, fan, desiccant material, accessories, sieves, anemometer (BENETECH, GM816) with an accuracy of ±1.5 m/s (5%) and range of 0.3–30 m/s, temperature sensor (UNI-T, UT330A) with an accuracy ±2 °C (1.6%) and range −40–80 °C, relative humidity sensor (UNI-T, UT330A) with an accuracy of ±5% (5%) and range of 0–100%, and pressure sensor (UNI-T, UT330A) with an accuracy of ±3 hpa (0.8%) and range 750–1100 hPa, respectively. A significant part of the desiccant system is the array of sieves because the adsorbent (desiccant material) is placed on it. The sieves are contrived with polyacrylic material and mesh. A total of 18 sieves are used for the desiccant system and were kept on each other in the form of a rectangular block. Each sieve has a dimension of 250 mm × 145 mm × 3 mm, and about 68 g of silica gel is placed over each sieve. The total silica gel used in this experiment was approximately 1.22 kg. The pictorial representation of the experimental setup is shown in Figure 1a.



As for as the experimental procedure is concerned, due to the high hydrophilic affinity of desiccant material (adsorbent) and pressure gradients between adsorbent and ambient air vapors adsorb on the adsorbent surface for a period. At the point where the surrounding air is crossed into the desiccant unit, due to the release of heat from adsorption, it becomes dry and relatively hot. After a while, the adsorbent of the desiccant system becomes saturated and its adsorption capacity reduces. Therefore, adsorbent must require its regeneration. This is achieved by passing the warm air over the desiccant system. The hot air clears the moisture away from the adsorbent surface and the material gets regenerated. The schematic diagram of the experimental setup is shown in Figure 1b. Therefore, the regeneration temperature for the regeneration of the adsorbent was set at 65–70 °C. The mass flow rate of approximately 0.05 to 0.08 kg/s was transferred via the desiccant system inlet and outlet.




2.2. Data Processing


The data on desiccant dehumidification were generated by the experimental apparatus for performance assessment of the DAC system. The dehumidification of ambient air takes place through the desiccant system and offers the outlet condition. The air conditions that passed through the heat exchanger (HX) and M-cycle cooling system are computed from Equations (1) and (2), respectively, given in the literature [4,48]. For completion of the cycle, the regeneration stream is provided to regenerate the desiccant. In the desiccant dehumidification process, the phase of water vapor changes from vapors to liquid and release equal heat of vaporization and condensation described as equivalent heat of adsorption. The equivalent heat of adsorption is calculated through Equation (6), and the total amount of water adsorption/desorption is determined by Equation (7) [68]. The enthalpy of the air is calculated by Equation (8) [69].


   T  3 , d b   =  T  2 , d b   −  ε  H X      (   T  2 , d b   −  T  1 , d b    )   



(1)






   T  4 , d b   =  T  3 , d b   −  ε  w b    (   T  3 , d b   −  T  1 , w b    )   



(2)






   T  6 , d b   =  T  5 , d b   −  ε  H X    (   T  2 , d b   −  T  5 , d b    )   



(3)






   X 1  =  X 5  =  X 6  =  X 7   



(4)






   X 2  =  X 3  =  X 4   



(5)






   q  e q   =  m ˙   (   h  o u t   −  h  i n    )   



(6)






  ∆ X =  X  i n   −  X  o u t    



(7)






  h = 1.006  T  d b   + X  (  2501 + 1.86  T  d b    )   



(8)




where the subscripts (1–7) represent the air state conditions, as shown in Figure 2.    T  d b    ,    ε  H X    ,    ε  w b    ,    T  w b    , X,    q  e q    ,   m ˙  ,    h  o u t    ,    h  i n    ,    X  i n    , and    X  o u t     represent dry-bulb temperature (°C), effectiveness of heat exchanger taken as 0.9 [4], wet-bulb effectiveness taken as 0.6 [4], wet-bulb temperature (°C), humidity ratio (g/kg-DA), equivalent heat of adsorption (W), mass flow rate of air (kg/s), air enthalpy at outlet side of desiccant system (kJ/kg), air enthalpy at inlet side of desiccant system (kJ/kg), humidity ratio at outlet side of desiccant system (g/kg-DA), and humidity ratio at inlet side of desiccant system (g/kg-DA), respectively.



Ideally, for the duration of the dehumidification process, the dehumidification line slope on the psychrometric chart pursues an isenthalpic behavior. This means that the adsorption process is the same as the heat of water vapor condensation after the vapor stage to the liquid stage for the duration of the desiccant dehumidification. Although, via experimental results, it is concluded that the net adsorption heat is to some extent more than the ideal adsorption heat caused by the isosteric heat of adsorption [3,70]. The relationship between this behavior can be specified by Equation (9) [45]. The disparity among the actual slope of a line and ideal slope line on the psychrometric chart is mainly due to the kind of adsorption mechanism and adsorbent pair interactions. Consequently, it is intricate to stimulate the performance of desiccant precisely. As a result, the dehumidification line slope is experimentally developed, and several scenarios are explored to create a unique relationship for the desiccant dehumidification process. Equation (10) [68] specifies the slope of the actual or experimental dehumidification line. In addition, the cooling capacity, thermal COP of the standalone, M-cycle assisted DAC system and the amount of heat required to regenerate the desiccant are computed from Equations (11)–(14), respectively [6].


   ϕ *  =  ∆   Q  s t      ϕ h   



(9)






   ϕ *  =    X  i n   −  X  o u t      T  d b , o u t   −  T  d b , i n      



(10)






   Q c  =    h 1  −  h 4   



(11)






  C O P =     m ˙   P A       m ˙   R A        (    C o o l i n g   c a p a c i t y   H e a t   i n p u t    )  =    (   h 1  −  h 3   )     (   h 6  −  h 5   )     



(12)






  C O P =     m ˙   P A       m ˙   R A        (    C o o l i n g   c a p a c i t y   H e a t   i n p u t    )  =    (   h 1  −  h 4   )     (   h 7  −  h 6   )     



(13)






   Q  i n p   =  m  R A    C p   (   T 7  −  T 6   )   



(14)




where the subscripts 1, 3, 4, 6, and 7 represent the air state conditions, as shown in Figure 2.    ϕ *   ,  ∆ ,    Q  st    ,    ϕ h   ,    X  i n    ,    X  o u t    ,    T  d b , o u t    ,    T  d b , i n    ,    Q c   , COP,     m ˙   P A    ,     m ˙   R A    ,    Q  i n p    , and    C p    represent the slope of dehumidification line on psychrometric chart (-), heat of water vapor condensation (kJ/kg), isosteric heat of water vapor adsorption (kJ/kg), slope of enthalpy line on the psychrometric chart (-), humidity ratio at outlet side of desiccant system (g/kg-DA), humidity ratio at inlet side of desiccant system (g/kg-DA), dry-bulb temperature at outlet side of desiccant system (°C), dry-bulb temperature at inlet side of desiccant system (°C), cooling capacity (kJ/kg), coefficient of performance of the system (-), mass flow rate of process air (kg/s), mass flow rate of regeneration air (kg/s), heat input required for regeneration of desiccant block (kW), and specific heat capacity of air taken as 1.006 (kJ/kg-K), respectively.



Uncertainty in the data can arise from multiple sources, including imprecise measurement from the sensor, design limitations, human error, inaccurate procedure, and other important factors. The uncertainty analysis is necessary because the magnitude of the model needs to be contemplated when interpreting the results of the model calculations. Uncertainty analysis is carried out to measure the uncertainty in calculating the variables (temperature, relative humidity, pressure, and air velocity) at the time of the experiment. In desiccant data, the uncertainty is resolved by the root of the sum of squares method by Equation (15) [71,72]. The total uncertainties (   σ t  )   during the measurement of air temperature, relative humidity and pressure is computed by Equation (16), as cited in the literature [73,74].


   σ R  =      (    ∂ R   ∂  N 1     α 1   )   2  +    (    ∂ R   ∂  N 2     α 2   )   2  + … +    (    ∂ R   ∂  N n     α N   )   2     



(15)






   σ t  =    σ  s e n  2  +  σ  c a l i b r  2  +  σ  d a q  2     



(16)




where    σ R   ,    α 1  −  α N   , R,   N 1 −  N n   ,     σ t   ,    σ  s e n    ,.    σ  c a l i b r    , and    σ  d a q     represent the total uncertainty in measuring the adsorption uptake, uncertainty in measuring different variables, a given function of independent variables, independent variables, total uncertainty in the measurement of temperature, relative humidity, and pressure (%), uncertainties of a sensor, uncertainty in calibration, and uncertainty associated with data-acquisition system, respectively. The uncertainties in sensor, calibration, and data acquisition are provided by the manufacturer. Therefore, the measurement uncertainties in temperature, relative humidity, pressure drop, and velocity are ±2.6, ±5.1, ±1.6, and ±5.1%, respectively.





3. Proposed DAC System


The current study concentrates on two types of AC systems that involve a (i) standalone DAC system and (ii) M-cycle assisted DAC system. In addition, two adsorbents (i.e., hydrophilic polymeric sorbent and silica gel) were investigated. In this research, the overall performance of proposed DAC systems was investigated, and the feasibility of such systems was explored for the climatic conditions of Multan (Pakistan). A concise depiction of these systems is provided below.



3.1. Standalone DAC System


Standalone DAC system contains a dehumidification unit coupled with a sensible heat exchanger (HX) and heating unit. There is no M-cycle cooling device that is solely use for the dehumidification of air. In Figure 2a, a schematic representation of the standalone DAC system is provided. The DAC system is used for the dehumidification of the air and results in an increase in temperature near the regeneration temperature of the desiccant (i.e., conditions 1 and 2). Furthermore, the hot and dehumidified air passes through the sensible HX, which reduces the temperature of dehumidified air without affecting the humidity ratio near to the ambient air (i.e., condition 3). Consequently, ambient air (i.e., condition 4) is used for the regeneration of desiccant block. The air passes through the heat exchanger as a return air which transfers the heat of process air into the regeneration air, slightly raising its temperature without affecting the humidity ratio (i.e., condition 5). The regeneration air passes through a low-grade heating source, which further increases the temperature of the regeneration air (i.e., condition 6). This hot and relatively dry regeneration air passes through the desiccant block which desorbs the adsorbate (water vapors, i.e., condition 7), hence completing the cycle. The psychrometric representation of conditions 1–7 are shown in Figure 2a.




3.2. M-Cycle-Based DAC System


A typical M-cycle assisted DAC system, as shown in Figure 2b, is intended for cooling and dehumidification of ambient air. The system consists of desiccant blocks with the inclusion of a flat plate heat exchanger, cooling device (M-cycle), and heat source for the regeneration of desiccant component. The DAC component is used to dehumidify the air, resulting in a rise in temperature near the desiccant’s regeneration temperature (i.e., conditions 1 and 2). Moreover, the hot and dehumidified air passes through sensible HX, which decreases the dehumidified air close to the ambient air temperature without affecting the humidity ratio (i.e., condition 3). In addition, the cooled air passes through the M-cycle cooling device which further decreases the temperature without affecting the humidity ratio (i.e., condition 4). Consequently, ambient air (i.e., condition 5) is used for the regeneration of desiccant block. The air is passed through a heat exchanger as a return air which transfers the heat of process air into the regeneration air, slightly raising its temperature without affecting the humidity ratio (i.e., condition 6). The regeneration air passes through a low-grade heating source which further increases the temperature of the regeneration air (i.e., condition 7). This hot and relatively dry regeneration air passes through the desiccant block, which desorbs the adsorbate (water vapors, i.e., condition 8), hence completing the cycle. The regeneration temperature differs according to the type of adsorbent, ambient conditions, and many other factors. A parametric analysis was performed to analyze the parameters affecting the regeneration temperature [3,75,76]. The psychrometric representation of conditions 1–8 are shown in Figure 2b.





4. Results and Discussion


The desiccant dehumidification performance on an experimental basis was inspected for different processes and regeneration air conditions. Figure 3 shows the experimental profile of ambient air conditions of Multan with desiccant dehumidification at a regeneration temperature of 70 °C. In Figure 3, the dynamic nature of the process and regeneration temperature of 70 °C is shown, indicating that, after 240 min, ambient air entered the desiccant system on RH ~73–88% and departed by RH ~38–59%. Figure 4 shows the impact on the amount of equivalent heat of adsorption at different regeneration temperatures. The    q  e q     increases with the increase in regeneration temperature; however, with respect to the time, it is decreased at both regeneration temperature. The line on the value of zero equivalent heat of adsorption shows the isenthalpic dehumidification. In addition, the impact on adsorption heat with respect to the desiccant performance explored in the literature [4].



Figure 5 shows that the amount of adsorption of water vapor increases with the regeneration temperature. As reported by thermodynamic laws, total water adsorption equals to the total water desorption at a certain regeneration temperature. The dehumidification cycle equals to the regeneration cycle at a certain regeneration temperature. The thermal COP of the desiccant system at different regeneration temperature is also compared for the condition of Tin ≈ 37 °C, Xin ≈ 25 g/kg-DA by using    ε  w b   = 0.6   and    ε  H X   = 0.9  . Figure 6a shows the system thermal COP at different regeneration temperature. Later the analysis was made with wet-bulb effectiveness utilized ranges from 0.6 to 1.3 to see the effect of changing the effectiveness of wet bulb on the system’s thermal COP at different regeneration temperatures. Figure 6b shows the influence of changing the effectiveness of wet bulb on the thermal COP of the desiccant system.



Figure 7 shows the experimental evaluation of the slope of the dehumidification line at different regeneration temperatures. In Figure 7, the ϕ* does not fluctuate considerably for the 3600 s. Therefore, the experimental value of the ϕ* is utilized for simulating the desiccant dehumidification process.



The slope ϕ* = 0.22 has been utilized to stimulate the performance of standalone silica-gel-based DAC and silica-gel-based M-DAC systems. Likewise, hydrophilic polymer sorbent-based standalone DAC and hydrophilic-polymer-based M-DAC desiccant systems performance are also related using ϕ* = 0.31 [68]. The simulation has been applied on an hourly (13 July), daily, and monthly basis for the climatic condition of Multan (Pakistan) by 20-year average data occupied from Meteonorm software, to evaluate the dynamic performance of proposed DAC systems. Figure 8 shows the thermodynamic performance of (a) silica-gel-based standalone DAC system and (b) standalone polymer-based DAC system on an hourly, daily, and monthly basis for the climatic conditions of Multan. Figure 8a,b show that inlet ambient air temperature varies from 28.3 °C (1:00 a.m.) and progressively increases to 37 °C (3:00 p.m.) and then decreases to 28 °C (12:00 a.m.), at the same time inlet relative humidity, frequently shifting from 51% to the maximum value of 97% during the whole day. Furthermore, the change in temperature and relative humidity after dehumidification varies from 45 to 48 °C, 21% to 29%, and 43 to 46 °C, for silica-gel-based and polymer-based DAC system, respectively. The daily inlet ambient temperature and relative humidity vary from 27 to 38 °C and from 56% to 93%, respectively, throughout the month. The change in relative humidity and temperature after dehumidification ranges from 19% to 35%, 45 to 48 °C, and 43 to 45.5 °C, in both silica-gel-based and polymer-based DAC systems, respectively. Likewise, monthly temperature and relative humidity variation are displayed for both silica- and polymer-based DAC systems.



Figure 9 shows the thermodynamic performance of (a) silica-gel-based DAC system coupled with M-cycle cooling system, and (b) polymer-based DAC system coupled with M-cycle cooling system on an hourly, daily, and monthly basis, for the climatic conditions of Multan. In Figure 9, hourly temperature ranging from 22 to 28 °C, at a relative humidity of 80–88% for silica-gel-based M-DAC system, and temperature ranging from 22 and 27 °C, at a relative humidity of 69–84% for polymer-based M-DAC system. Figure 9 shows daily temperature ranging from 21 to 31 °C, at a relative humidity of 76–93% for silica-gel-based M-DAC system, and temperature ranging from 21 to 30 °C, at a relative humidity of 71–90% for polymer-based M-DAC system. Similarly, profiles of monthly temperature and relative humidity for silica-gel-based and polymer-based M-DAC systems are also shown in Figure 9. These results display that polymer-based M-DAC system provides more cooling and less relative humidity as compared to silica-based M-DAC system, which is better than the standalone DAC system for the climatic conditions of Multan, Pakistan, especially for July (i.e., heavy rainfall season, resulting in suffocation) [77,78].



Figure 10 shows the temperature and relative humidity profile of average year data for the climatic condition of Multan (Pakistan). Figure 11 shows the monthly performance of the investigated systems (i.e., standalone silica-gel-based, standalone polymer-based, M-cycle-based silica-gel-based, and M-cycle-based polymer-based DAC systems) on psychrometric chart plots.



Figure 12a shows the monthly profile of the dehumidification capacity of silica-gel-based and polymer-based DAC system at 70 °C regeneration temperature for the climatic conditions of Multan (Pakistan). Moreover, the monthly profile of the dehumidification capacity of the polymer-based and silica-gel-based DAC systems at different regeneration temperatures are shown in Appendix AFigure A1. Results from Appendix AFigure A1 conclude that the desiccant dehumidification capacity increases with the increase in regeneration temperature. Figure 12b shows the monthly profile of the cooling capacity of silica-gel-based and polymer-based M-DAC systems at a 70 °C regeneration temperature for the climatic conditions of Multan (Pakistan). In Figure 12b, the cooling capacity of the polymer-based M-DAC system is higher than the silica-gel-based M-DAC system. Moreover, the monthly profile of the cooling capacity of silica-gel-based and polymer-based M-DAC systems at different regeneration temperatures is shown in Appendix A Figure A2.



Figure 12c shows the monthly profile of heat input required for the regeneration of silica-gel-and polymer-based DAC system at 70 °C regeneration temperature. According to Figure 12c, the polymer-based DAC system requires more heat input for its regeneration throughout the year, as compared to the silica-gel-based DAC system at 70 °C regeneration temperature. Additionally, the monthly profiles of the heat input required at different regeneration temperatures are given in Appendix AFigure A3. Figure 12d shows the monthly profile of thermal COP of polymer-based and silica-gel-based standalone DAC and M-DAC systems. According to Figure 12d, the polymer-based standalone DAC and M-DAC system possess higher thermal COP (i.e., 0.24, 0.47 in May) at 70 °C regeneration temperature, as compared to the silica-gel-based M-DAC system (i.e., 0.21, 0.36 in May) respectively. Additionally, the monthly profiles of thermal COP of silica-gel-based and polymer-based M-DAC systems at different regeneration temperatures are given in Appendix AFigure A4.




5. Conclusions


In the present study, a lab-scale open cycle silica-gel-based experimental apparatus was set up for desiccant air-conditioning (DAC). The experiments were performed at the various process and regeneration air conditions for the climatic condition of Multan (Pakistan). Consequently, a steady-state analysis approach was used for the desiccant dehumidification process of the system. Thereby, the slope of the dehumidification line on the psychrometric chart was examined for identifying the actual desiccant dehumidification process based on experimental data which are found, ϕ* = 0.22. This value is lower than the slope of the hydrophilic polymeric sorbent, ϕ* = 0.31, available in the literature. This study proposed two kinds of AC systems that include the standalone DAC system and Maisotsenko-cycle-based DAC (M-DAC) system. In addition, two kinds of adsorbent (i.e., silica gel and hydrophilic polymeric sorbent) were thermodynamically investigated for both system types, using experimental data and associated results. The study aimed to explore the optimum AC system, as well as optimum adsorbent (desiccant) material for building AC application. The performance of proposed AC systems and adsorbent materials were investigated in perspectives of dehumidification capacity, cooling capacity, and thermal COP. The results showed that the hydrophilic-polymeric-based sorbent has a better performance, as compared to silica gel. The dehumidification capacity of hydrophilic polymeric sorbent (i.e., desiccant material) is greater than the silica gel at 70 °C regeneration temperature. In the case of proposed AC systems, the results show that the M-DAC system has a better performance, as compared to the standalone DAC system. Accordingly, the maximum thermal COP was obtained by a standalone DAC system (i.e., 0.36) and M-DAC system (i.e., 0.47) at a 70 °C regeneration temperature.
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Nomenclature




	
ACS

	
air-conditioning systems




	
AC

	
air-conditioning




	
COP

	
coefficient of performance




	
    C p    

	
specific heat capacity of air (kJ/kg-K)




	
DAC

	
desiccant air-conditioning




	
DEC

	
direct evaporative cooling




	
EC

	
evaporative cooling




	
GW

	
global warming




	
h

	
enthalpy of air (kJ/kg)




	
HCFCS

	
hydrochlorofluorocarbons




	
HFCS

	
hydrofluorocarbons




	
HVAC

	
heating, ventilation, and air-conditioning




	
HX

	
heat exchanger




	
IEC

	
indirect evaporative cooling




	
MEC

	
Maisotsenko cycle evaporative cooling




	
MAC

	
Maisotsenko cycle-based air-conditioning




	
M-DAC

	
Maisotsenko cycle based desiccant air-conditioning




	
M-IEC

	
Maisotsenko cycle-based indirect evaporative cooling




	
   N 1 −  N n    

	
independent variables in measuring uncertainty




	
OD

	
ozone depletion




	
    Q c    

	
cooling capacity (kJ/kg)




	
    q  e q     

	
equivalent heat of adsorption (W)




	
    Q  i n p     

	
heat required for regeneration of desiccant (kW)




	
    Q  st     

	
isosteric heat of water vapor adsorption (kJ/kg)




	
RH

	
relative humidity (%)




	
T

	
temperature (°C)




	
VCAC

	
vapor compression air-conditioning




	
  X  

	
humidity ratio (g/kg-DA)




	
   ∆ X   

	
difference in humidity ratio (in–out) (g/kg-DA)




	
    ϕ h    

	
slope of enthalpy line (-)




	
    ϕ *    

	
slope of dehumidification line (-)




	
  ε  

	
effectiveness (-)




	
  σ  

	
uncertainties (-)




	
   m ˙   

	
mass flow rate of air (kg/s)




	
    σ R    

	
total uncertainty in adsorption uptake




	
    α 1  −  α N    

	
uncertainty in measuring different variables




	
    σ t    

	
total uncertainty (%)




	
Subscripts




	
calibr

	
calibration




	
daq

	
data acquisition system




	
db

	
dry bulb




	
in

	
inlet condition




	
out

	
outlet condition




	
PA

	
process air




	
RA

	
regeneration air




	
reg

	
regeneration




	
sen

	
sensor




	
wb

	
wet bulb
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Figure A1. Dehumidification capacity of (a) silica-gel-based DAC system and (b) polymer-based DAC system at different regeneration temperatures. 
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Figure A2. The cooling capacity of (a) silica-gel-based M-DAC system and (b) polymer-based M-DAC system at different regeneration temperatures. 
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Figure A3. Heat input required for (a) silica-gel-based DAC system and (b) polymer-based DAC system at different regeneration temperatures. 
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Figure A4. Thermal coefficient of performance of (a) silica-gel-based M-DAC system and (b) polymer-based M-DAC system at different regeneration temperatures. 
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Figure 1. Pictorial representation of (a) the experimental system, and (b) schematic representation of the experimental system. 
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Figure 2. Schematic representation of (a) standalone desiccant air-conditioning (DAC) system and (b) Maisotsenko cycle (M-cycle)-based DAC system. 
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Figure 3. Regeneration and dehumidification cycle profiles of the DAC system at 70 °C regeneration temperature. 
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Figure 4. Impact on the amount of equivalent heat of adsorption at different regeneration temperatures. 
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Figure 5. Impact of regeneration temperature on net dehumidification, for regeneration and dehumidification cycle of the DAC system. 
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Figure 6. Comparison of thermal coefficient of performance (COP) at (a) wet-bulb effectiveness = 0.6; and (b) different wet-bulb effectiveness against different regeneration temperatures. 
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Figure 7. Experimental evaluation of the slope of the dehumidification line at different regeneration temperatures. 
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Figure 8. Thermodynamic performance of (a) silica-based standalone DAC system, and (b) polymer-based DAC system on an hourly, daily, and monthly basis for the climatic condition of Multan (Pakistan). 
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Figure 9. Thermodynamic performance of (a) silica-based DAC system with M-cycle unit, and (b) polymer-based DAC system with M-cycle unit on hourly, daily, and monthly basis for the climatic condition of Multan (Pakistan). 
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Figure 10. Temperature and relative humidity profile of test reference year for the climatic condition of Multan (Pakistan). 
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Figure 11. Psychrometric representation of monthly profile for (a) standalone silica-gel-based DAC system, (b) standalone polymer-based DAC system, (c) silica-gel-based M-DAC system, and (d) polymer-based M-DAC system. 
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Figure 12. Monthly profile of (a) dehumidification capacity, (b) cooling capacity, (c) heat input, and (d) thermal COP for proposed AC systems. 
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