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Abstract

:

The reliance on more sustainable refrigeration systems with less electricity consumption attracts a lot of attention as the demand for refrigeration increases due to population growth and global warming threats. This study examines the use of a cascade vapor-compression/adsorption refrigeration system in hot weather, focusing on condensing temperatures of 50, 55, and 60 °C, whereas an air-cooled condenser is in use due to practical considerations. A fully coupled transient model is developed using COMSOL Multiphysics to simulate the integrated system, considering the practical limitations of the vapor compression system (VCS) and the dynamic nature of the adsorption system (ADS). The model combines a lumped model for the ADS with the manufacturer’s data for a VCS compressor at different condensing and evaporating temperatures. It was found that the VCS is more sensitive to the change in the ADS’s condensing temperature, since when the temperature is raised from 50 °C to 60 °C, the VCS’s COP decreases by 29.5%, while the ADS’s COP decreases by 7.55%. Furthermore, the cycle time of ADS plays an important role in providing the cooling requirements for the bottoming cycle (VCS), and it can be optimized to maximize the energy conversion efficiency of the VCS. At optimum cycle time and compared to the conventional VCS, the cascade system can boost the cooling capacity of the VCS by 18.2%, lower the compressor power by 63.2%, and greatly enhance the COP by 221%. These results indicate that the application of the cascade VCS/ADS in such severe conditions is a more sustainable and energy-efficient solution to meet the growing need for refrigeration.
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1. Introduction


Many sectors depend on the refrigeration process as a necessary means for human comfort and industrial production, and it is crucial in hot weather conditions. In Saudi Arabia, summertime temperatures are 2.5 times higher than wintertime averages. In the past 45 years, the hottest temperature observed in KSA has been 53 °C [1], and warming trends for the summer and winter seasons in Riyadh are 0.058 °C and 0.042 °C annually, respectively [2]. Approximately 20% of the electricity used globally is consumed by the refrigeration industry, and it is expected to grow in the next years as a result of global warming and the growing cooling needs across many different industries [3]. According to Lelieveld et al. [4], KSA’s summertime temperatures will rise by 6 °C by 2081–2100 relative to the period of 1986–2005. The conventional vapor compression refrigeration system (VCS) is a commonly utilized technique in the refrigeration industry due to its superior efficiency, in contrast to alternative refrigeration systems that are currently in use [5,6].



However, the VCS uses a lot of electricity, generated mostly from fossil fuels, and represents one of the challenges in controlling the emissions of greenhouse gases [7]. Statistically, about 60% of the energy used in buildings is accounted for by air conditioning [8]. Unfavorably, the high temperature of the heat sink greatly reduces the coefficient of performance (COP) of the VCS. For each degree Celsius that the condenser temperature rises, the COP of a VCS drops by 2–4% [9]. On the other hand, the development of alternative refrigeration technologies, including the adsorption refrigeration system (ADS), is therefore gaining excessive attention [10,11]. The ADS is a thermally driven cooling method that generates cooling by using a refrigerant’s adsorption/desorption process on a solid adsorbent material [12]. Two main benefits of this technique are its low electricity use and the utilization of natural refrigerants. However, the operating circumstances, such as the temperatures of the heating and cooling sources and the temperature of chilling or ice production in their evaporators, have a significant impact on the performance of the ADS [13]. The studies on the ADS for ice production reported COP ranged from 0.452 to 0.086 [14]. A recent strategy to increase the benefits of both systems (the VCS and ADS) and lessen their drawbacks has been offered in the literature by integrating the two systems using different approaches [15,16,17].



The effectiveness of integrating an adsorption system as a topping cycle to cool the condenser of a compression refrigeration system was theoretically examined by Gado et al. [18]. They utilized a generalized thermodynamic model for a VCS combined with a lumped model for the ADS. Given the ambient circumstances in Alexandria, Egypt (latitude 31.2° N and longitude 29.92° E), the PVT collector system was proposed to power the integrated system. In order to produce brine at −20 °C from the VCS evaporator, the AD cycle time of 900 s was chosen, and the cooling water for the ADS condenser and beds was set at 30 °C, assuming a cooling application with chilled water temperature of 12 °C, as in reference [19]. They concluded that the suggested solution might save 24.8% of energy annually. Additionally, they suggested that lowering the cooling temperature and compressor capacity might significantly improve energy savings and the overall coefficient of performance. Using the same approach and two different sources of driving power, Gado et al. [20] assessed the performance of coupling ADS and VCS in a cascade arrangement, with the maximum condensing temperature of the upper cycle being close to 31 °C. They found that the COP of the integrated system increased by 41.6% compared to the conventional VCS.



Koushaeian et al. [21] evaluated an integrated cascade ADS and VCS using a lumped model for the ADS and a sample thermodynamic model for the VCS for cooling purposes at a chilled water temperature of 12 °C. They highlighted that when the temperature of the cooling water was raised from 26 to 34 °C, a 34.33% drop in energy savings and a 20.99% loss in overall COP were reported. Kilic and Anjrini [22] theoretically investigated the combined cascade ADS and VCS when the ambient temperature changed from 25 to 40 °C, using a cycle time of 1100 s. The highest COP of the VCS was 8.8 at an evaporating temperature of 0 °C when the R152A refrigerant was used.



To fully utilize the electrical and thermal energy produced by a CPVT system operating in the hot climate of Riyadh city, Elsheniti et al. [23] investigated the parallel integration of the VCS and ADS. They suggested a coupled ice-production system attained a solar COP of 0.875 on average over the year. According to their findings, adjusting the ADS cycle duration can be a useful strategy for getting the best use out of the heating power produced by the CPVT system. Because the VCS has a greater COP than the ADS, it was able to contribute 84.5% of the total ice production over the year. According to Albaik et al. [24], ADS was also effectively used to cool down the condenser of an organic Rankine cycle (ORC), and the ORC’s thermodynamic efficiency jumped to 11.6% from 6.95%. Calise et al. [25] simulated a polygeneration system including parallel arrangement for the ADS and solar-assisted heat pump for space cooling and heating, respectively, and using component-based thermodynamic models in TRNSYS software. They revealed that the suggested approach may save 20% on electricity by using the meteorological data of a Mediterranean city, at a moderately warm heat sink. Roumpedakis et al. [26] experimentally evaluated the performance of a solar driven adsorption system while a conventional VCS was used in parallel operation to cover the peak load at higher ambient temperatures. They concluded that the combined operation improved overall performance, and the ADS’s maximum COP was 0.575. To improve the ADS performance, Xu et al. [27] proposed and examined a hybrid ADS with desiccant-coated heat exchangers to treat the conditioned air latent load. The hybrid system increased the cooling capacity from 3 kW to 3.95 kW and increased the COP to 0.539. Activated carbon and silica gel are the most recommended adsorbates in the previous research relevant to hybrid ADS and VCS, as summarized by Kılıç [11]. He also reported that the use of such hybrid systems makes it possible to use a wide range of heating sources with low grades and can enhance the performance of the VCS by up to 100%,reducing the electrical power consumption by 50%.



Vasta et al. [28] conducted experimental tests to evaluate the performance of a cascade adsorption unit and vapor compression chiller using condenser cooling temperatures up to 40 °C. They reported that the electrical COP of the integrated system increased in the range from 25% to 50%, obtaining an ultimate COP of 8. They also extended the study theoretically to optimize the cascade system using thermodynamic models for both cycles while setting the ADS cycle time to 1000 s. They revealed that an increase of 110% in the efficiency of the VCS can be attained in refrigeration applications while applying the cascade system. Gibelhaus et al. [29] investigated the application of ADS to improve the performance of a CO2-based VCS as a cascade refrigeration system. They showed that when considering the ambient temperatures of 35 °C and 25 °C, respectively, annual energy savings of 22% and 16% can be achieved. For both cycles, thermodynamic models were utilized, and the ADS cycle periods were adjusted to account for the varying size ratios between the two cycles. Palomba et al. [30] investigated critical control strategies for the hybrid VC/AD chillers. They emphasized that the ADS’s cycle duration can be adjusted to correspond with changes in the hybrid system’s cooling power.



Previous studies focused on condensing temperatures in the range of 25–30 °C, except for a few papers extending the range to 40 °C. This range will not be applicable in severe conditions where ambient temperatures reach 47 °C and are expected to be higher due to global warming, according to the statistics discussed earlier. In this introductory section, it can be highlighted that the modeling of such systems was mainly based on a simple or general thermodynamic model for the VCS. In some studies, the compressor’s isentropic efficiency was fixed. Furthermore, the cycle time of the adsorption system was set to a fixed value during most of the studies. To the best of the author’s knowledge, no single study has discussed the ADS’s cycle time limitation and optimization in order to enhance the electrical energy conversion efficiency of the VCS, as expressed by the COP, particularly at higher ambient temperatures.



To support the effective integration of the cascade chillers in practice, further information, and findings about the variation limits of the ADS cycle time are required, particularly under harsh operating conditions. Previous studies make it clear that integrating the ADS as a topping cycle for the conventional VCS is a very promising strategy for raising the VCS’s energy efficiency and lowering its electricity consumption. Given that VCS is an established technology, this study aims to fill the gap between the theoretical and experimental studies in which the manufacturer datasheet of a VCS has been utilized in modeling the cascaded adsorption-compression refrigeration system. The direct impact of the VCS’s practical limitations and component sizes has been used to determine the operational conditions of the coupled ADS, mainly the range and the optimum cycle time, along with the intermediate condenser/evaporator temperatures. Unlike the previous studies with generalized thermodynamic models for the VCS, the investigation in this study will focus on how the defined compressor of the VCS responds to the dynamic nature of the ADS. Additionally, the use of an air-cooled condenser to deal with the heat sink of the upper cycle comes with many benefits, particularly in terms of small-scale refrigeration systems and limited cooling water sources; however, it limits the condensing temperatures to the ambient conditions. Therefore, this study will investigate the effect of condensing temperatures in the range of 50 °C to 60 °C, which are expected when applying such a system in Riyadh city. The integrated VCS/ADS could help mitigate excessive energy consumption and the associated indirect emissions from the refrigeration system that produce ice for continuous cooling.




2. Methodology


Figure 1 shows the schematic diagram of the proposed cascade refrigeration system, which shows the adsorption system (ADS) as a topping cycle and the vapor compression system (VCS) as a bottoming cycle. The use of water-cooled condensing units can be limited in some applications, particularly in arid climates, where the availability of water represents a great challenge. Therefore, in this study, the ADS condenser is an air-cooled unit that can be used with medium- and small-scale refrigeration equipment to lessen reliance on the cooling water circuit and associated complications. The proposed system is used to produce ice using a conventional ice maker. The ice can be used directly for freezing purposes, or it can be used to overcome the solar heating system’s intermittent operation, which can be used to power the ADS, and provide constant chilling over the day and night.



As extensively studied in the literature, the heating source can be solar or waste heat that can produce a regeneration temperature of 90 °C [18,23,25]. The design of the adsorbent beds is based on Maxsorb III adsorbent filled in a promising structured aluminum-foam bed and uses ethanol as a refrigerant. This design provided remarkable performance compared to a typical finned-tube configuration, as reported in reference [12].



The VCS uses an off-the-shelf compressor, type Copeland ZP42K5E-PFV [31], with known performance under a range of condensing and evaporating temperatures, from 26.6 °C to 65.6 °C and from −23.3 °C to 12.78 °C, respectively. The nominal cooling capacity and compressor power are 12.29 kW and 4.07 kW at condensing and evaporating temperatures of 54.44 °C and 7.22 °C, respectively. To produce ice in the freezer unit, the VCS’s evaporating temperature is set to −5 °C, and VCS’s condensing temperature is set to 5 °C above the ADS’s evaporating temperature. By using this approach, the developed model in this study can calculate the temperatures of the circulated refrigerants in the condenser/evaporator unit, which is an intermediate heat exchanger (HEX), based on the energy balances between the two cycles and under any specific circumstance. In this study, a datasheet-based thermodynamic model for the VCS is simultaneously solved with a transient lumped-parameter model for the two-bed ADS. As a result, both the condensing and evaporating temperatures of the bottoming cycle and the topping cycle, respectively, as well as the instantaneous amount of heat transfer from the bottoming cycle to the topping cycle, fluctuate over time.



Through control valves, the intermediate heat exchanger is connected to the beds and functions as the ADS’s evaporator of a conventional two-bed system. The valves allow for the switching between the four ADS modes because they only open while a bed is undergoing the adsorption process. Conversely, only during the desorption process will the valves connecting the two beds to the condenser of the ADS be turned on.




3. Mathematical Modeling


3.1. Adsorbent Beds


The transient natural operation of the ADS involves repeated cycles, each of which being represented by four sequential processes, namely, preheating/precooling, desorption/adsorption, precooling/preheating, and adsorption/desorption, applied to beds A and B, respectively. This operation can be replicated using the energy balance Equations (1) and (2), as follows [32]:


    M C   b 1       d T   b 1     d t   =   1 −   α   b       [   m  ˙    c     C   c     ε   c       T   c , i   −   T   b 1     ] −     α   b   [   m  ˙    h     C   h     ε   h       T   h , i   −   T   b 1     ] +   H   s     M   s     d   w   b 1     d t    



(1)






    M C   b 2       d T   b 2     d t   =   α   b     [   m  ˙    c     C   c     ε   c       T   c , i   −   T   b 2     ] −   ( 1 −   α   b   ) [   m  ˙    h     C   h     ε   h       T   h , i   −   T   b 2     ] +   H   s     M   s     d   w   b 2     d t    



(2)







The thermal masses,     M C   b 1     and     M C   b 2    , represent all the components of beds A and B, respectively, and can be written as follows:


      M C   b 1   = M   s     C   s   +   M   s     C   r l     w   b 1   +   M   b     C   b     + M   f     C   f    



(3)






      M C   b 2   = M   s     C   s   +   M   s     C   r l     w   b 2   +   M   b     C   b     + M   f     C   f    



(4)







The thermal masses of the solid sorbent, adsorbate, bed metal heat exchanger, and foam are represented by the RHS term in Equations (3) and (4), respectively. Except for the mass of adsorbate, which varies with time, the masses of the two beds are the same. The water mass flow rates for cooling and regeneration are denoted by       m  ˙    c     and       m  ˙    h    , respectively, and     H   s     is the isosteric heat of adsorption. The heat transfer effectiveness of the foam bed during cooling and heating is represented by     ε   c     and     ε   h    . These parameters rely on the heat transfer resistances within the bed heat exchanger, which are influenced by factors such as the fluid flow scheme, foam thickness, and thermophysical characteristics of both the foam structure and adsorbent material.



The present zero-dimensional lumped model necessitates simplification. Therefore, the values of     ε   c     and     ε   h     were calculated from the more intricate CFD model developed in reference [12] to be 0.802 and 0.853, respectively. The obtained results were validated for the specific situation under investigation. The operator     α   b     is used in the program coding to alternate between the cooling and heating modes in the equations, delivering either the cooling or heating effect for each bed, and switching between them every half cycle.



In an adsorption system, the isotherms and kinetics equations are typically integrated with the bed energy equation to determine the amount of adsorbate in both equilibrium (    w   e q    ) and instantaneous (  w  ) states. For the Maxsorb III/ethanol system, the following equations were utilized [33,34]:


    w   e q   =   w   m a x     exp  ⁡    −       R   T   b     E     ln  ⁡        P   s     p           n        



(5)






    P   s   = 0.1333 ×   10   8.1122 −   1592.864     T   b   + 226.184      



(6)






    ∂ w   ∂ t   =   K   L D F       w   e q   − w    



(7)






    K   L D F   = A   exp  ⁡      −   E   a       R   u     T   b          



(8)




where the maximum uptake, ethanol-gas constant, characteristic energy, and heterogeneity parameter are defined, respectively, by     w   m a x   = 1.2   k g ·   k g   − 1    ,   R = 0.1805   k J ·   k g   − 1   ·   K   − 1    ,   E = 139.5   k J ·   k g   − 1   ,   and n = 1.8 [26].     P   s     is the saturation pressure at the bed temperature, and   p   is the pressure of the associated evaporator/condenser module. The adsorption kinetics were defined by the linear-driving-force model, Equation (7), where     K   L D F     denotes for the overall intra-particle mass-transfer coefficient. The pre-exponential constant, activation energy, and universal gas constant are given as   A = 132.89     s   − 1    ,     E   a   = 22.97   k J ·   m o l   − 1   , and   R   u   = 8.314   k J ·   k m o l   − 1   ·   K   − 1    , respectively [33].




3.2. Intermediate Condenser/Evaporator Heat Exchanger


The energy balance equation of the intermediate heat exchanger between the two cycles should consider the instantaneous heat released from the VCS,       Q  ˙    c o n d , v   (   T   c o n d , v   , t )  , which in turn is relevant to the condensing temperature,     T   c o n d , v    , of the VCS. It should also consider the intermittent connections between the two beds during the adsorption process. Therefore, it can be written as follows:


       M C   H E X       d T   e v a , a     d t     =     Q  ˙    c o n d , v   (   T   c o n d , v   , t ) −   1 −   β   e v a , a           h   f g   (   T   e v a , a   ,   t ) −   C   r l , a         T   c o n d , a   − T   e v a , a         M   s     d   w   b 1     d t        −   1 −   γ   e v a , a         h   f g   (   T   e v a , a   ,   t ) −   C   r l , a         T   c o n d , a   − T   e v a , a         M   s     d   w   b 2     d t       



(9)







    M C   H E X     denotes the thermal mass of the heat exchanger, and     T   e v a , a     and     T   c o n d , a     are the evaporating and condensing temperatures of the ADS, respectively. The     T   c o n d , a     is also abbreviated as     T   c    . The     h   f g     is the latent heat of evaporation as a function of     T   e v a , a    . The amount of ethanol vapor generated during the throttling process in the ADS is eliminated from the latent heat in the evaporator by the term (    C   r l , a         T   c o n d , a   − T   e v a , a      ).     β   e v a , a     and     γ   e v a , a     are programing operators used to mimic the alternating connections between the two beds. The simulation parameters for the adsorption system are displayed in Table 1.




3.3. Vapor Compression System


The datasheet of the compressor unit provided by the manufacturer can be used to determine the refrigerant mass flow rate, compressor isentropic efficiency, and the second-law efficiency of the cycle at different condensing and evaporating temperatures [31]. Figure 2 shows the changes in the previous parameters when the evaporating temperature is set to −5 °C, as calculated from the manufacturer’s confirmed results based on a 72 h run-in period, with maximum ± 5% deviations [31]. It is evident that at higher condensing temperatures, the VCS’s performance is significantly reduced in terms of compressor isentropic efficiency (    η   i s    ) and second-law efficiency (    η   I I    ). This emphasizes how crucial it is to research the suggested method in severe conditions in order to lower the VCS condensing temperature. In addition, setting some of the main compressor parameters to fixed values can lead to misleading results, which was avoided in the present study. The figure also shows that, as the condensing temperature rises, the mass flow rate of the refrigerant (      m  ˙    r e f , v    ) experiences a modest increase, resulting from the increased volumetric capacity of the compressor at a high discharge pressure. These results consider the physical parameters of the compressor, as well as the changes in the thermophysical properties of the refrigerant at different condensing temperatures.



The thermodynamic properties of the refrigerant [35], which is HFC-410A, are integrated with the datasheet interpolation functions, developed in COMSOL Multiphysics to model the performance of the VCS under different operating conditions. Figure 3 shows the refrigerant status on the p-h graph for a complete refrigeration cycle. In practice, certain amounts of superheat and subcooling should be considered before the compressor and after the condenser, respectively, to save operation and increase the cooling effect. The amounts of superheat and subcooling used in the simulation are based on the recommendations in the compressor datasheet. The main specifications and parameters of the VCS used in the simulation are shown in Table 2.



The VCS performance is simulated using the following set of equations, which consider that all parameters are time-dependent and must be simultaneously solved in a fully coupled scheme with the system of equations of ADS.


    T   c o n d , v   =   T   e v a , a   + 5  



(10)






    h   2   =   h   1   +     h   2 , i s   −   h   1       η   i s      



(11)






      Q  ˙    c o n d , v   =     m  ˙    r e f , v       h   2   −   h   3 , s a t      



(12)






      Q  ˙    e v a , v   =     m  ˙    r e f , v       h   1 , s a t   −   h   4      



(13)






    C O P   v   =     T   e v a , v       T   c o n d , v   −   T   e v a , v       × η   I I    



(14)






      W  ˙    v   =       Q  ˙    e v a , v       C O P   v      



(15)







At any given time, both       Q  ˙    c o n d , v     and     T   c o n d , v     relate the VCS to the ADS to find out the instant compressor power (      W  ˙    v    ), which, in turn, enables the set of equations of both cycles to be solved.




3.4. Performance Indicators


Once cyclic steady state is reached, the cascade VCS/ADS’s performance is assessed using the data of the last cycle as follows:


    C C   a d s   =     ∫  0     t   c y c l e          Q  ˙    c o n d , v   d t       t   c y c l e      



(16)






      Q  ˙    h e a t , a d s   =     ∫  0     t   c y c l e          m  ˙    h     C   h       T   h , i n   −   T   h , o u t     d t       t   c y c l e      



(17)






    C O P   t h e r m a l , a d s   =     C C   a d s         Q  ˙    h e a t , a d s      



(18)






    P o w e r   e l e c t , v c s   =     ∫  0     t   c y c l e          W  ˙    v   d t       t   c y c l e      



(19)






    C C   v c s   =     ∫  0     t   c y c l e          Q  ˙    e v a , v   d t       t   c y c l e      



(20)






    C O P   e l e c t , v c s   =     C C   e v a , v c s       P o w e r   e l e c t , v c s      



(21)






    D I P   V C S   =     C C   e v a , v c s   ∗ 3600 ∗ W o r k i n g   h o u r s     C   p , w       T   w , i n   −   T   f r e e z i n g     +   h   f g , i c e   +   C   p , i c e       T   f r e e z i n g   −   T   i c e , o u t        



(22)




where   C C   and   D I P   denote the cooling capacity and the daily ice production. The working hours of the system are 24 h, as the adsorption system can be driven by either industrial waste heat or solar collectors assisted with heat storage.     C O P   e l e c t , v c s     is the coefficient of the performance of the VCS, which represents the electrical energy conversion efficiency of the system.




3.5. Mathematical Model Validation


The adsorbent bed design and working pair used in this study are identical to those identified in the reference [12]. As seen in Figure 4a, the published data corresponding to a foam thickness of 2 mm are therefore used for validation. The COPs determined from the lumped model in this study for the ADS at different cycle times exhibit adequate agreement with the published ones, with a maximum deviation of 6.2%. On the other hand, as can be shown in Figure 4b, the COPs of the VCS model at various condensing temperatures demonstrate an accurate match with those specified in the manufacturer’s datasheet [31]. As mentioned earlier, the test case reported in the datasheet had a deviation of ±5% based on a 72 h run-in period.





4. Results and Discussions


First, the study will clarify how the major characteristics of the bottoming cycle (VCS) vary over time and how the dynamic nature of the topping cycle (ADS) affects these variations. Next, a detailed investigation will be conducted at various condensing temperatures for the topping cycle based on the use of the ADS’s cycle time as the primary controlling parameter to fit the cooling requirements of the VCS.



4.1. Cyclic Performance of the Integrated System


In this section, the results are obtained by setting the condensing temperature of the topping cycle to 50 °C and the ADS cycle time to 760 s. The simulation lasts 10 complete cycles (7600 s) to reach a cyclic steady state, which is required in the evaluation and comparison of the different cycles in the next section, as shown in Figure 5, Figure 6 and Figure 7.



Figure 5 shows the high fluctuations in the variation of the ADS’ refrigerant mass flow rate in the intermediate heat exchanger (HEX). This is due to the higher adsorption kinetics at the start of the adsorption processes, which are slowed down dramatically over the half-cycle times. Since there is no adsorption process occurring in either bed during the switching periods, there is no mass flow rate of refrigerant for the ADS during these brief intervals. However, the fluctuations in the VCS’s refrigerant flow rate are very limited compared to those in its counterpart, the ADS. This is controlled by the scroll-type compressor’s characteristics, which cause these variations in the VCS’s refrigerant flow rate, related to the compressor’s volumetric capacity and temperature lift, as shown in Figure 2. The thermal mass of the HEX absorbs or releases its energy to maintain a balance between the two cycles and mitigate the effect of the high fluctuations associated with the ADS side.



Figure 6 shows how the approach followed in this study maintained a temperature difference of 5 °C between the two refrigerants in the HEX over the study periods, reaching a cyclic steady state. Additionally, the variations in the two beds’ temperatures are cyclic after the 10 complete ADS cycles. The cooling water temperature for the beds in this test case is set to 25 °C, and the regeneration temperature is set to 90 °C. After reaching a cyclic steady state, the cascade system successfully managed to reach an average condensing temperature of the VCS of 26.42 °C, using an average evaporating temperature of 21.42 °C for the ADS.



The energy balance among the VCS components is confirmed during the simulation periods, as exemplified in Figure 7. The figure shows how the operational conditions of the topping cycle, which featured transient conditions, affect the time variations of the capacities of the compressor and evaporator of the VCS. These variations in the two components accumulate to form the heat rejected by the condenser of the VCS, which is handled by the HEX.



It is important to highlight that most of the heat generated due to the inefficiencies in the compression process is absorbed by the refrigerant and then rejected by the condenser; however, some heat is directly released to the surrounding area from the compressor unit and connections.



Based on the data presented in Figure 7, the average compressor power during the final cycle, which lasted from 6840 to 7600 s, is approximately 1870 W. However, the difference between the average thermal power transferred in the condenser and the evaporator is 1783 W in this cycle. This difference, which is about 87 W, is due to the use of practical data from the manufacturer to calculate the compressor power, which should be slightly higher than that calculated from the direct energy balance due to the thermal losses from the compressor unit and its connections. In this cyclic steady-state cycle, the condenser heat rejected is 11,383 W, while the evaporator cooling power is about 9600 W.




4.2. The Effect of Adsorption Cycle Time


When the condenser is an air-cooled type, the heat sink temperature in severe weather, such as that of Riyadh City, causes a high condensing temperature (    T   c    ) in the topping cycle. This section examines the influence of ADS cycle time, which affects the ADS’s cooling capacity, at various     T   c     values of 50, 55, and 60 °C. Contrary to what was frequently done in earlier studies, the real VCS system data used in the current simulations come with limitations on modifying the ADS’s cycle time to comply with VCS requirements. Therefore, the maximum cycle time shown in each line graph in the following figures is the maximum possible cycle time for the ADS in the case under study that can be used for balanced operation in the integrated system. Increasing the cycle time over that period decreases the cooling capacity of the ADS to a point where it is not able to absorb the heat released from the VCS, leading to a cumulative heat and increasing the condensing temperature of the VCS. In practice, the VCS will go into forced shutdown in such cases to save the compressor unit. On the other hand, since further cycle time reduction is not beneficial, the minimum cycle time for each line graph is set when a deterioration in the performance of both cycles is observed. These limitations on the maximum and minimum cycle times can be deduced from the results in Figure 8, Figure 9, Figure 10 and Figure 11.



Figure 8 shows how the temperatures of both refrigerants in the HEX change with respect to the ADS cycle time and its limitations at different     T   c    . The best cycle times are 360, 320, and 320 s, which led to the minimum condensing temperatures of the VCS (    T   c o n d , v    ) of 18.14, 22.75, and 27.37 °C at       T   c     values of 50, 55, and 60 °C, respectively. These result from the minimum evaporating temperature of the ADS (    T   e v a , a    ) attained at these times. Reducing the cycle duration below the optimal times results in an increase in     T   e v a , a    , and subsequently increases     T   c o n d , v    . In the adsorption system, a very short cycle time can lead to a decrease in the net amount of adsorbate (circulated refrigerant) during the cycle, due to insufficient time for the desorption process. This demolishes the benefit gained from the higher adsorption kinetics at shorter cycle times.



It can also be noted that the integrated VCS/ADS can be operated using a wide range of cycle times, from 320 s to 780 s at a lower     T   c     of 50 °C; however, this range is reduced from 240 s to a maximum of 480 s at a higher     T   c     of 60 °C. This is attributed to the dynamic balance point for the integrated system, which can be achieved in different circumstances. For instance, the elevated temperatures in the HEX (    T   e v a , a    , and     T   c o n d , v    ) can enhance the adsorption process on the side of the ADS and adversely increase the compressor power consumption on the other side. Figure 9 illustrates the inconsistency between the ADS’s and VCS’s cooling capacities in response to the variations in the     T   c     over various cycle times. While the ADS’s cooling capacity gets higher values at     T   c     of 60 °C at different cycle times, the VCS’s cooling capacity has lower values compared to the values at     T   c     of 50 and 55 °C.



In conventional ADS, the cooling capacity declines at higher cycle times; however, in the integrated system, the     T   e v a , a     also increases at higher cycle times, which unusually enhanced the ADS’s cooling capacity, as shown in Figure 9. Conversely, as the cycle time increases, the VCS’s cooling capacity declines. This is because the evaporator experiences less effective cooling, resulting from the rise in the condensing temperatures of the VCS. The optimal cycle times identified in Figure 8 correspond to the highest cooling capacity of the VCS at each     T   c    .



Figure 10 shows how the change in the ADS’s cycle time at different     T   c     affects the compressor power and the DIP of the VCS. The minimum compressor power and the maximum DIP indicate that the VCS performs best at the ideal cycle durations of 360, 320, and 320 s, with     T   c     of 50, 55, and 60 °C. This is attributed to the minimum compressor temperature lifts at these times, resulting in minimum     T   c o n d , v    , as indicated in Figure 8. The compressor power can be significantly increased by prolonging the ADS’s cycle duration beyond what is considered optimal. The compressor power increases by approximately 41.3%, from 1390.6 W to 1964.7 W, when the cycle time is increased from 360 s to 780 s, with     a   T   c     of 50 °C. Moreover, raising the     T   c     lowers the DIP and raises the compressor power. The minimum compressor power at a     T   c     of 60 °C is 1922.17 W, which is 38.3% more than the minimum power at     a   T   c     of 50 °C. The DIP drops by only 2.57%, from 1.8308 to 1.7837 ton day−1, when     T   c     is raised from 50 to 60 °C.



Figure 11 illustrates how, at various ADS condensing temperatures, the energy conversion efficiency of both DAS and VCS, as represented by the COPs, responds to the cycle time variations. The ideal cycle times found while examining the prior parameters consistently yield the highest COPs for VCSs. At optimal cycle times of 360, 320, and 320 s, and with     T   c     of 50, 55, and 60 °C, the maximum VCS’ COPs are 7.06, 5.84, and 4.98, respectively. The VCS’s COPs are significantly decreased when the cycle periods are increased beyond the optimal ones. For instance, at a     T   c     of 50 °C, the VCS’s COP decreases by 31.16%, from 7.06 to 4.86, when the cycle time is increased from 360 s to 780 s.



Conversely, when the cycle time increases, the ADS’s COPs rise dramatically, as seen in Figure 11. In conventional ADS, this is certainly because the regeneration heat supplied to the ADS at longer cycle durations is decreased, and in this integrated system, its cooling capacity is also marginally increased. The reduction in the heat supply, combined with a fixed or increased cooling capacity of the ADS, leads to these increases in the ADS’s COPs at higher cycle times.



The ADS’s COP decreases with increasing     T   c    ; for example, it is reduced by 7.55%, from 0.45 to 0.416 at cycle times of 360 s and 320 s, when the     T   c     is increased from 50 °C to 60 °C. This is less significant than what can be observed for the VCS’s COP under the same circumstances compared to the above example, where the VCS’s COP has a reduction of 29.5%, from 7.06 to 4.98. Therefore, the VCS is more sensitive to the change in the ADS’s condensing temperature,     T   c    . This is due to the dynamics of the balancing conditions of the intermediate heat exchanger, which raises both the evaporating temperature of the ADS and the condensing temperature of the VCS in response to an increase in     T   c    .




4.3. Comparison with the Conventional VCS


Finally, the importance of the cascade vapor compression and adsorption refrigeration system being applied at higher ambient temperatures can be summarized as shown in Figure 12. The datasheet of the manufacturer for the VCS’s compressor is used to define the performance of the single conventional VCS, which is also used in this study to simulate the integrated VCS/ADS. The above findings in this study emphasize how crucial it is to use the optimal ADS cycle time. As a result, the comparisons in Figure 12 use the optimal ADS cycle time of 360 s and a condensing temperature of 50 °C.



By using the cascade system, the VCS’s cooling capacity can be raised from 8.31 to 9.82 kW, representing an increase of 18.2%. This is directly related to the evaporator’s increased ability, with a higher enthalpy difference when the VCS condensing temperature drops from 50 °C to 18.14 °C. In such a case, compressor power can be significantly decreased by 63.2% by taking advantage of the larger condensing temperature drops. Consequently, the COP of the VCS has a very high potential to be increased by 221%, from 2.2 to 7.06. These findings make the use of such integrated VCS/ADS a promising solution for refrigeration systems working under high ambient temperature conditions. On the other hand, using the ADS as a topping cycle for the VCS results in a higher COP for the ADS compared to operating it individually. The ADS’s COP can be increased by 104.5% in such challenging circumstances, with a condensing temperature of 50 °C, as shown in Figure 12.



The results match those reported for the VCS. When the condensing temperature increases by 1 °C, the COP drops by 2–4% [9]. In this study, and according to the case given in Figure 12, the condensing temperature is increased by 31.86 °C. That results in a minimum expected drop in the COP of 63.72%. The result of the present study shows that the drop in the COP from 7.06 to 2.2 represents a 68.8% drop, which also represents an increase of 221% when calculated based on the change in COP from 2.2 to 7.06.





5. Conclusions


This study investigates using a cascade vapor-compression/adsorption refrigeration system in hot weather when there is not as much cooling water available, which raises the condensing temperature. For the adsorption system (ADS) in the topping cycle, 50, 55, and 60 °C are considered to be the condensing temperatures. Furthermore, the combined VCS/ADS system is assessed using changes in the ADS’s cycle time. In this study, COMSOL Multiphysics is used to construct a fully coupled transient model that simulates the integrated system. The manufacturer’s data for a VCS compressor under various condensing and evaporating temperatures are merged with an adsorption model. Taking into account the practical limitations of the VCS, the integrated model built in this study captures the dynamic nature of the ADS on the overall performance of the integrated system. In the event that the ADS is powered by a solar heating system, the cascade system generates ice to offer continuous cooling for air conditioning purposes. The main findings of the study can be summarized as follows:




	
The minimum temperatures in the intermediate HEX can be reached at an ideal ADS cycle time, leading to the best performance for the vapor compression system.



	
To ensure a balanced functioning between the two cycles, there is a limit to how long the ADS cycle can be extended, which should not be disregarded.



	
When the condensing temperature,     T   c   ,   is raised from 50 °C to 60 °C, the VCS’s COP decreases by 29.5%, while the ADS’s COP decreases by 7.55%, indicating that the VCS is more susceptible to the change in the condensing temperature of the ADS.



	
Compared to the conventional VCS, the cascade system can increase the VCS’s cooling capacity by 18.2%, reduce the compressor power by 63.2%, and increase the COP by 221%, at a high condensing temperature,     T   c    , of 50 °C. These results demonstrated that, in extreme environmental circumstances, the cascade VCS/ADS refrigeration system has a tremendous potential to be more sustainable with lower electricity consumption compared to the typical system.



	
In this study, the selection of the adsorption working pair was based on their higher adsorption performance along with their lower environmental impact. However, more investigations need to be carried out to compare different adsorbent/adsorbate pairs, considering many more aspects, such as conducting a 4E (energy, exergy, economic, and environment) study.
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Nomenclature




	
ADS

	
Adsorption system




	
   C O P   

	
Coefficient of performance     −    




	
     C   p     

	
Specific heat capacity     J · k   g   − 1   ·   K   − 1      




	
   C C   

	
Cooling capacity     W    




	
   D I P   

	
Daily ice production   ( k g · d a   y   − 1   )  




	
     K   L D F     

	
Mass-transfer coefficient       s   − 1      




	
     h   f g     

	
Ethanol refrigerant latent heat     J · k   g   − 1      




	
   h   

	
Enthalpy     J · k   g   − 1      




	
   M   

	
Mass     k g    




	
     M C   H E X     

	
Thermal mass of the intermediate HEX (  kJ ·   k   − 1   )  




	
     m  ˙    

	
Mass flow rate (  kg ·   s   − 1    )




	
   p   

	
Pressure   ( P a )  




	
     Q  ˙    

	
Rate of heat transfer     W    




	
     H   s     

	
Isosteric heat of adsorption     J · k   g   − 1      




	
   T   

	
Temperature     K    




	
   t   

	
Time     s    




	
     t   c y c l e     

	
Adsorption system cycle time     s    




	
VCS

	
Vapor compression system




	
   w   

	
Uptake     k   g   w   · k   g   a d   − 1      




	
     w   e q     

	
Equilibrium adsorption uptake     k   g   w   · k   g   a d   − 1      




	
       W  ˙    v     

	
Instantaneous compressor work     W    




	
Greek symbols:




	
   ε   

	
Heat transfer effectiveness




	
     η   i s     

	
Compressor isentropic efficiency     −    




	
     η   I I     

	
Second law efficiency     −    




	
Subscripts and superscripts:




	
   a ,   a d s   

	
Adsorption




	
   b   

	
Bed




	
   c   

	
cooling




	
   c o n d   

	
Condenser




	
   c o m p   

	
Compressor




	
   e v a   

	
Evaporator




	
   e q   

	
Equilibrium




	
   f   

	
Foam




	
   h   

	
Heating




	
   i   

	
Inlet




	
   i s   

	
Isentropic




	
   r e f   

	
Refrigerant




	
   r l   

	
Refrigerant liquid




	
   s   

	
Solid adsorbent




	
   s a t   

	
Saturation




	
   v   

	
Vapor




	
   w   

	
Water
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Figure 1. Schematic diagram of the integrated vapor-compression/adsorption refrigeration system. 






Figure 1. Schematic diagram of the integrated vapor-compression/adsorption refrigeration system.



[image: Sustainability 16 03669 g001]







[image: Sustainability 16 03669 g002] 





Figure 2. The datasheet parameters of the VCS at −5 °C evaporating temperature and different condensing temperatures. 
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Figure 3. The representation of the vapor compression cycle on a pressure–enthalpy graph. 






Figure 3. The representation of the vapor compression cycle on a pressure–enthalpy graph.



[image: Sustainability 16 03669 g003]







[image: Sustainability 16 03669 g004] 





Figure 4. The validation of the COPs of both ADS and VCS models against their counterparts; (a) ADS validation reference [12], and (b) VCS validation reference [31]. 
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Figure 5. The time variation of the refrigerant flow rates in both cycles with an adsorption cycle time of 760 s. 
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Figure 6. The time variation of temperatures in both beds, VCS condensing temperature, and ADS evaporating temperature. 
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Figure 7. The variation of evaporator cooling power, compressor power, and condenser heat rejection in the VCS. 
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Figure 8. The effect of ADS cycle time on the intermediate HEX temperatures at different ADS condensing temperatures. 
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Figure 9. The effect of the ADS cycle time on the cooling capacities of both cycles at different ADS condensing temperatures. 
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Figure 10. The effect of ADS cycle time on the compressor power and DIP at different ADS condensing temperatures. 
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Figure 11. The effect of ADS cycle time on the COP of both cycles at different ADS condensing temperatures. 
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Figure 12. The performance of the hybrid system at the best ADS cycle time compared to the conventional system. 
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Table 1. Adsorption system parameters.
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	Parameter
	Symbol
	Value
	Unit





	Cooling water mass flow rate
	       m  ˙    c     
	0.7628
	    kg ·    s   − 1     



	Heating water mass flow rate
	       m  ˙    h     
	0.5394
	    kg ·    s   − 1     



	Bed effectiveness during cooling
	     ε   c     
	0.802
	-



	Bed effectiveness during heating
	     ε   h     
	0.853
	-



	Adsorbent mass per bed
	     M   s     
	9.512
	   kg   



	Foam mass per bed
	     M   f     
	9.509
	   kg   



	Mass of copper heat exchanger per bed
	     M   b     
	54
	   kg   



	Thermal mass of the intermediate HEX
	     M C   H E X     
	366
	   kJ ·   k   − 1     



	Isosteric heat of adsorption
	     H   s     
	1002
	    kJ ·      kg   − 1     



	Activated carbon specific heat
	     C   s     
	1370
	    J ·      kg   − 1   ·   k   − 1     



	Aluminum-foam specific heat
	     C   f     
	895
	    J ·      kg   − 1   ·   k   − 1     



	Cupper specific heat
	     C   b     
	385
	    J ·      kg   − 1   ·   k   − 1     



	Specific heat of ethanol (liquid)
	     C   r l     
	2570
	    J ·      kg   − 1   ·   k   − 1     



	Bed inlet cooling water temperature
	     T   c , i     
	30
	   ℃   



	Regeneration temperature
	     T   h , i     
	90
	   ℃   



	ADS’s condensing temperature
	     T   c o n d , a          or         T   c     
	50, 55, and 60
	   ℃   










 





Table 2. The parameters used in the simulation of the VCS.
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Parameter

	
Value

	
Unit






	
Compressor type

	
Copeland ZP42K5E-PFV




	
Refrigerant

	
HFC-410A




	
Cooling capacity

@    T   c o n d , v     = 54.44 °C

and     T   e v a , v     = 7.22 °C

	
12.29

	
   kW   




	
Compressor power

@    T   c o n d , v     = 54.44 °C

and     T   e v a , v     = 7.22 °C

	
4.07

	
   kW   




	
Degree of superheating

	
11

	
   ℃   




	
Degree of subcooling

	
8.3

	
   ℃   




	
Evaporating temperature

	
−5

	
   ℃   




	
   Enthalpy   at   compressor   inlet     h   1     

	
432

	
    kJ ·      kg   − 1     




	
   Enthalpy   at   evaporator   outlet     h   1 , s a t @   T   e v a , v   = − 5 ° C     

	
421

	
    kJ ·      kg   − 1     
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