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Abstract

:

Air gap membrane distillation (AGMD) is a widely utilized technology for producing drinking water due to its low heat loss, high thermal efficiency, and compatibility with solar energy. The application of the first and second laws of thermodynamics in energy and exergy analyses provides a comprehensive evaluation of the efficiency of thermal processes. This study aims to examine numerically the energy and exergy performance indicators of a solar AGMD system used for seawater desalination. The simulation was carried out using MATLAB 9.7 software. The total thermal efficiency and overall efficiency of each element in the AGMD system were calculated for various solar field energy outputs, and moreover, a parametric study was conducted. The results indicate that the exergetic efficiency of the AGMD system components was the lowest in the solar field, with the concentrator having the lowest energy efficiency. Additionally, the thermal and exergetic efficiency of the entire solar AGMD system decreases along with the raise of ambient temperature. An additional investigation was conducted to better apprehend the sources of exergy destruction in the solar field. The obtained results from this study can be employed as a guide to reduce exergy destruction in the whole solar AGMD desalination system with recognition of the main sources of irreversibility.
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1. Introduction


Exergy refers to the amount of energy that is available for use within a system from a thermodynamic perspective. It represents the useful and usable portion of energy. The exergy analysis takes into consideration the quality and quantity of the energy exchange processes with the environment. This analysis helps to uncover the underlying reasons for any energy system malfunctions. Energy analysis is based on the first law of thermodynamics and is only concerned with energy conversion. It does not show how and where irreversibility or losses occur in the system. Exergy analysis goes beyond this by pointing to the association of extreme irreversibility or destruction with processes and helps identify pathways to sustainability. Unlike energy, external energy is destroyed and can only be conserved when all processes that occur in the system and its surrounding environment are reversible. Therefore, exergy is a useful tool for determining the location, type, and true magnitude of energy loss, which manifests as waste energy destruction or emission [1,2,3].



The focus of exergy studies in solar desalination technologies using membrane distillation (MD) is to determine the exergy efficiencies of the key components, especially the membrane modules. There has been a lot of research done on the exergy analysis of membrane desalination processes. For example, Guillén-Burrieza et al. [4] conducted an experimental study on a solar AGMD desalination pilot system, where they found that at a feed temperature of 85 °C, the distillate product flow reached its maximum value of 7 L.h−1.m−2. Another study in Algeria by Moudjeber et al. [5] focused on AGMD for solar water desalination and found that the maximum exergy analysis value of 6% was obtained for the largest feed flow rate. Recent research by Sandid et al. has carried out a dynamic simulation study of the AGMD process [6]. In their work, they used a photovoltaic panel system and a flat plate collector; therefore, for the analysis and simulation of the AGMD process, TRNSYS 18.0 software was utilized. According to their findings, at a temperature of 85 °C, the flow of distilled water from the distillation membrane reaches 5 kg/h and remains stable throughout the year when powered solely by solar energy. Another related study shows that the energy efficiency of the AGMD unit is 68% while the collector efficiency is 74% [7].



In addition, coupling desalination technologies with renewable energy sources has the potential to provide sustainable fresh water for future demand. Currently, 131 desalination plants powered by renewable energy produce only 1% of the world’s desalinated water. In the field of renewable energy use, solar photovoltaic (PV) energy leads at43%, followed by solar energy at 27%, wind at 20% and hybrid at 10%. Therefore, the use of solar energy reduces emissions, with an expected amount of about 400 million tons of carbon equivalent annually by 2050 in the case of using traditional fossil fuel-powered desalination technologies, and reduces energy consumption, which exceeds 75.2 TWh/year, which is equivalent to about 0.4% of global electricity consumption [8].



In the field of AGMD, various studies, whether experimental or simulated, have also been conducted on solar seawater desalination by Vacuum Membrane Distillation (VMD) [9,10] or Direct Contact Membrane Distillation (DCMD) [11,12] and Sweeping Gas Membrane Distillation (SGMD) [13]. In light of the literature review, there are several studies conducted on energy and exergy analysis for different systems such as a multi-effect membrane distillation system [14], a type of solar thermal power plant known as the parabolic trough concentrating solar thermal power plant (PTCSTPP) [15], counter hollow fiber membrane-based humidifier [16], solar thermal hollow fiber vacuum membrane distillation system [17], novel hybrid solar heating, cooling and power generation system for remote areas [18], solar thermal collectors and processes [19], solar-driven power, desalination and cooling poly-generation system [3], and poly-generation systems for sustainable desalination [20]. Only a few researchers have examined the exergy analyses of processes that use membranes for desalination or water purification. Banat and Jwaied [21] performed an analysis of exergy destruction in both small and large solar-powered membrane distillation (MD) systems. According to their findings, the majority of exergy destruction occurred within the MD modules, accounting for 98.8% and 55.14% of the compact and large-scale systems, respectively. The exergy efficiency of a 24,000 m3/day DCMD desalination plant was also reported, with an efficiency of 28.3% when a heat recovery system was utilized and 25.6% when it was not [22]. In addition, they provided data on energy consumption for the same plant, which was measured to be 39.7 kWh.m−3 with heat recovery and 45 kWh.m−3 without, respectively.



Tian and Zhao [23] presented a review of a variety of solar collectors and thermal energy storage in solar thermal applications. Furthermore, a comparison of heliostat field collectors, parabolic dish collectors and parabolic trough collectives is also made. In light of the need for new methods that reduce the environmental burdens associated with traditional types of seawater desalination technologies, which must meet the growing demand for drinking water simultaneously [8], there is also an evolution in hybridization directions for desalination technologies such as MED-AD, MSF-MED and RO-MSF to improve process performance by overcoming the limitations of conventional methods but also to increase operational reliability and recovery [24,25,26,27,28].



Because of the high cost and the great importance, energy and exergy analysis of membrane desalination processes have been discussed in some studies. In the previously reported research works [29,30,31], the exergy and energy analysis of the integrated membrane desalination systems are explored, and it is found that such systems have the most favorable thermal performance, making them an attractive and promising option for the desalination processes. Meanwhile, Banat and Jwaied [21] mentioned that the external energy efficiency of the combined unit related to the external energy obtained from the solar collector is approximately 0.3–0.5%.



Wang et al. [32] also carried out a complete analysis of direct contact membrane distillation (DCMD) performance to estimate the mass flow and thermal efficiency. Al-Obaidani et al. [22] and Choi et al. [33] also presented studies dealing with exergy analysis of a Direct Contact Membrane Distillation (DCMD) process. Miladi et al. [34] conducted research into the exergy analysis of a VMD unit powered by solar energy, utilizing two models, and their findings provided important results about energy efficiency [35,36]. Elan et al. [37] presented another important study addressing energy-efficient conductive-gap membrane distillation. In a recent study, Woldemariam et al. examined the exergy analysis and destruction effectiveness of two different types of flat air-gap membrane distillation AGMD systems for a variety of feed and coolant temperatures [38]. Also, Signorato et al. [14] conducted a detailed thermodynamic analysis of the proposed distillation technology, utilizing second law analysis to gain a more comprehensive understanding. Their report provides a thorough exergy analysis, which provides valuable insights into the production of irreversibilities within each component of the system.



Table 1 summarizes the values of the exergy efficiencies obtained in the most common desalination technologies. To confirm the choice of AGMD, a comparison of desalinated water production costs is presented. The energy consumption and final water production cost of desalination systems depend on the nature of the processes, the type of energy used and their drinking water production capacity. The specific energy consumption by RO is between 2 and 3 kWh.m−3 [39], while that of MED varies from 5 to 10.33 kWh.m−3 and 14.56 kWh.m−3 for the MSF [40]. The energy consumption and water cost of DM systems vary respectively from 1 to 9000 kWh.m−3 and from 0.3 to 130 $/m3 depending on the configurations used [41]. Guillén-Burrieza et al. [42] carried out the technical and economic analysis of a 100 m3/day project for a desalination unit based on membrane distillation technology associated with a field of solar collectors. During their in-depth economic assessment, the cost of water was estimated at between 10.6 and 12 $.m−3.



The economic evaluation of membrane distillation configurations (AGMD, DCMD and VMD) powered by autonomous solar systems shows that AGMD is the most expensive [21]. Economic factors are, therefore, the main obstacles to the diffusion of solar energy for desalination processes. Solar-powered membrane distillation technology is still expensive compared to other desalination processes; the full cost of water is estimated between 15 and 18 $.m−3 for a large unit [47]. Despite this, solar-powered membrane distillation is an attractive and viable method for freshwater production in remote arid areas. It is essential for certain populations, particularly in isolated sites, to design new energy-saving systems for the production of drinking water.



Accurately assessing the performance of separation systems that employ solar energy and MD relies heavily on the evaluation of exergy. The major goal of this research is to undertake a thermodynamic analysis of a desalination system using solar energy and AGMD, with an emphasis on performance parameters. The solar AGMD desalination system was modeled using MATLAB 9.7 software, and a series of mathematical calculations were carried out based on previously described design parameters to assess the system's performance under varying operating conditions. The proposed system consists of an AGMD desalination unit and a solar thermal collector, and the analysis of the system is performed by examining variations in energy efficiency and exergy efficiency.




2. System Description


Figure 1 is a schematic diagram showing a process aimed at producing high-quality distilled water while conserving energy. The system is made upof a solar flat plate collector paired with an AGMD unit. The brine’s heat is recovered by preheating the feed solution, and the feed temperature is maintained by a pump that circulates the solution through the AGMD unit’s cold and hot channels.The combination of the flat plate collector provides the system with self-sufficiency. The solar collector utilizes sunlight to extract heat, and the absorber inside the collector converts the sun’s radiation into heat. This type of installation, combining these advanced technologies, can have practical applications in sectors such as the navy, emergency medical aid, or enhancing the living conditions in remote areas.




3. Numerical Modeling


3.1. Thermodynamic Analysis


A mathematical representation of the AGMD desalination system combined with solar energy has been established utilizing the principles of the first and second laws of thermodynamics. The model incorporates equations for determining the physical characteristics of seawater and brine as well as heat transfer coefficients (Table 2).



To simplify the developed model, the following assumptions and hypotheses were considered:




	-

	
The system runs at a dynamic state throughout;




	-

	
Thermal losses have been studied;




	-

	
Kinetic and potential exergies are ignored;




	-

	
An average pump efficiency of 75% is estimated;




	-

	
Dead state properties for fluids are evaluated at T0 = 25 °C and the dead state salinity X0 = 35 g.kg−1.









The quantity of energy consumed in relation to the amount of freshwater generated is used to assess the performance of desalination units. The Gained Output Ratio (GOR) is a measure of the desalination process’s energy efficiency, depicted by the ratio of the amount of energy required to evaporate permeate flow over the total energy consumed. GOR can be mathematically represented by Equation (18). For a desalination system, the Performance Ratio (PR) is defined as the ratio of distillate mass to energy input. It can be expressed by Equation (19).


  G O R =     m ˙  p  × Δ  h v      m ˙   s w   ×  C  p , s w   ×    T  h , i n   −  T  h , o u t        



(18)






  P R =     m ˙  p     Q h     



(19)







The universal performance ratio (UPR) is a common platform to evaluate the desalination processes based on primary energy consumption [49]:


   UPR  =    evaporative   energy     primary   energy   input    =    λ m    3.6 ×  Q  P S E      



(20)




where    λ  m     is equivalent to vapor energy and    Q  P S E     is the standard primary energy calculated as:


   Q  P S E   =           kWh   elc      m 3      ×   C  F  e l c       +         kWh   elc      m 3      ×   C  F  t h          



(21)




where   C  F  e l c     and   C  F  t h     are, respectively, the conversion factors for electricity and thermal input primary energy. The kilowatt hour per cubic meter (kWh.m−3) is the specific energy consumption in terms of electrical and thermal energy.



The thermodynamic limit (TL) is an ideal concept of desalination with no entropy generation, and hence, the system is independent as there is zero recovery. Depending on the source of seawater, where the salinity may vary from 3.0% to 4.5% by weight, the specific energy consumption is calculated to be in the range of 0.7 to 0.85 kWh.m−3. The TL that has a minimum work of typical seawater at ambient temperature and 3.5% concentration by weight of dissolved salts is about 0.78 kWh.m−3 or 2.8 kJ.kg−1 as given by the Gibbs equations. As a result, the UPR theoretical limit based on minimum separation work theory is 828 [49,50].




3.2. Exergy Analysis


There are four main parts to the overall energy rate: physical (    E ˙   p h    ), chemical (    E ˙   c h    ), kinetic (    E ˙   k e    ), and potential (    E ˙   p e    ) [51]. The general energy balance can be obtained by the following equation:


    E x  ˙  =   E ˙   p h   +   E ˙   c h   +   E ˙   k e   +   E ˙   p e    



(22)







The principle of exergy balance in steady-state open systems can be expressed by the equation [52]:


    ∑  j     Q ˙   j    1 −    T 0     T j      −    W ˙    cv   +   ∑  i     m ˙   i   e i  −   ∑  e     m ˙   e   e e  −    E ˙   d  = 0  



(23)







The determination of the destructive (irreversible) external energy resulting from the generation of entropy is given by the Gouy-Stodola equation as follows:


    E ˙  d  =  T 0    S ˙  g   



(24)







However, the second law is given by the following statement [53]:


    S ˙  g  =   ∑  e    m ˙  e   e e  −   ∑  i    m ˙  i   e i  +     Q ˙  j     T 0     



(25)




where:



    S ˙  g   : The rate of entropy generation refers to the amount of entropy generated during the process is due to its inherent irreversibility.



    Q ˙  j   : It expresses the rate of heat transfer at the reference temperature    T 0   .



      Q ˙  j     T 0     : Denotes the entropy transfer rate.



By disregarding the heat transfer as well as the current’s kinetic and potential energies, we arrive at the conclusion:


    W ˙  u  =   ∑  i    m ˙  i   e i  −   ∑  e    m ˙  e   e e  −  T 0    S ˙  g   



(26)







The components of the steady flow do not contribute to the work done during the process     S ˙  g  = 0   because its limits are fixed; useful work can be obtained if the entropy generation term is changed [47].


    W ˙   r e v   =   W ˙   u , m a x   =  m ˙     e i  −  e e     



(27)







The values for both physical and chemical exergy are calculated as follows:


    E ˙   p h   =  m ˙   e  p h   =  m ˙       h s  −  h 0    −  T 0     s s  −  s 0       



(28)






    E ˙   c h , w   =  m ˙   e  c h   =  m ˙  ∑  ω k     µ k s  −  µ  o k  o     



(29)







The subscript (s) in the equations in question denotes the reference state and represents the initial state (0). The symbols ( μ ) and ( ω ) refer to chemical potential and mass fraction, respectively, while (   e  p h    ) and (   e  c h    ) refer to specific physical and chemical exergy.



The component destruction exergy (      E x  ˙   d   ) is given by the following equation:


      E x  ˙   d  =   ∑  i      E x  ˙   i  −   ∑  e      E x  ˙   e   



(30)







The AGMD desalination unit consists of three separate streams: seawater, pure water, and steam. The thermodynamic characteristics of the relevant fluids are determined through the use of empirical models that have been documented in references [32,33,34,35,36,37].



A system’s exergy efficiency is the ratio between the minimum separation work and the fuel energy:


   η  e x   =     W ˙   m i n       E ˙  f     



(31)







Minimum work to separate (    W ˙   m i n   )   is the energy of the product in the desalination process, while fuel energy (    E ˙  f   ) is the thermal energy provided to the system.





4. Results and Discussion


4.1. Model Validation


In this study, the experimental results obtained by Diaby et al. [48] were used to validate the model predictions. The evolution of the predicted and measured water vapor flow was compared at different feed water temperatures. It can be seen from Figure 2 shows that the temperature of the feed water affects how the permeate flow evolves. The permeate flow increases exponentially as the feed temperature rises. In this temperature range, the permeate flow goes from 0.625 to 7.03 kg.m−2.h−1 at a cooling temperature set at 15 °C and a cooling flow rate set at 5 L.min−1. This variation in permeate flow value is explained by the increase in the transmembrane force of water vapor. The obtained results are in concordance with those reported in the literatures [54,55]. The characteristics of PTFE membrane are listed in Table 3.




4.2. Evaluation of Solar Potential


The solar radiation data utilized in this study wereobtained with high accuracy from a radiometric station located on the roof of the applied research unit for renewable energies (URAER) building in Ghardaia. The data was collected over a period of 335 days, from 9 February to 31 December 2012, and is depicted in Figure 3. The results show that the highest temperature was recorded in July with a temperature of 43 °C, while the lowest value of 11 °C was recorded in the month ofJanuary. As a resultof this study, the month of July is considered the most suitable time for the study.



Figure 4 shows the global solar irradiation evolution with daytime for the month of July. The irradiation has a bell-shaped profile that is consistent with the prediction of well-known semi-empirical models from the literature. It is also noted that the highest temperature and solar radiation values are recorded on July 21, which is the most appropriate day to be considered in the present work.



Table 4 shows the Solar AGMD system operating conditions obtained from the thermodynamic analysis. We have taken these conditions to be those of the dead state: P0 = 1.01 bar, T0 = 302.65 K, h0 = 117.76 k J.kg−1.K−1, dead state specific entropy S0 = 0.4097 kJ.kg−1.




4.3. System Performance


The inlet temperature of the hot channel Th,in corresponds to the change in the temperature of the heat exchanger over the hours within a day (Figure 5). It can be seen that Th,in increases and reaches its maximum (Th,in = 62 °C), with an air gap thickness of 1 mm and flow rate of 2 L.min−1 for different initial tank feed temperatures. This means that the output temperature of SFPC increases the inlet temperature in the hot channel; this is because the residence time of the feed solution is longer when the flow rate is lower.



Figure 6 shows the permeate flux and GOR as a function of the local time. It can be seen that the permeate flux increases at the beginning of the day to reach about 5.6 kg.m−2.h−1 at a feed temperature of 62 °C and a flow rate of 0.01 kg.s−1 as the maximum value is obtained at 12:00 h. The obtained results show a good agreement with the results provided in the literature. The main performance parameters for thermal desalination system evaluation are gained output ratio (GOR). The larger GOR is, the higher the thermal energy utilized efficiency is [56]. From Figure 5, we can conclude that the GOR increases proportionally as the temperature difference across the AGMD membrane increases because of the increase in the amount of thermal energy needed to heat the feed water. However, as the feed temperature increases, permeate flux increases exponentially while the thermal energy consumption for heating the feed water solution increases. The maximum value of GOR = 2.3 is recorded at 12:00 h, mainly because of the maximum value of the hourly pure water. Figure 7 shows that the PR increases as the inlet temperature of the hot fluid increases in the same way as for the GOR and reaches its maximum PR = 0.98 at around 12:00 h. A high PR means that a high flow rate of distillate is obtained for a given thermal energy input. Usually, high PR can be achieved by using well-designed system components with high energy efficiency and good insulation material.



The variation of UPR% of the thermodynamic limit and the thermodynamic limit over the local time is shown in Figure 8. The UPR value of the solar AGMD system is found to be 187.89, which is much higher compared to desalination processes reported in the literature such as MED-TVC (UPR = 102.2), MED (UPR = 88) and RO (UPR = 86). This is mainly because AGMD uses low-grade vapor, which contains a very small percentage of the primary energy. Furthermore, the obtained results show that the solar AGMD system is operating at 20.43% of the ideal or thermodynamic limit and is close to achieving sustainable desalination, which ranges from 25% to 30% of TL [50]. Variations of Standard Primary Energy and the Universal Performance Ratio over the local time are shown in Figure 9. It can be seen that the maximum QSPE value for the AGMD solar system is found to be 8.43 kWh.m−3 which is similar to the results obtained during desalination processes reported in the literature, such as MSF (QSPE = 8.22 kWh.m−3), RO (QSPE = 7.12 kWh.m−3), MED (QSPE = 6 kWh.m−3) and MED-TVC (QSPE = 5.3 kWh.m−3). Therefore, Standard Primary Energy Consumption allows the efficient comparison of all desalination processes.




4.4. Energy and Exergy Analysis


To assess irreversibility in a system, the exergy analysis was conducted using the second law of thermodynamics. This later refers to the equivalent amount of mechanical work that can be produced from other forms of energy. The exergetic analysis was conducted using data from July 21, which corresponds to the day when the collector field received the highest solar flux density. The minimum work of separation     W ˙   m i n     represents the product exergy in the desalination process. Figure 10 shows the minimum work of separation and exergy efficiency of AGMDaccording to local time. The maximum value of     W ˙   m i n     is 0.17 kW and is recorded at 12:00 h for a feed temperature of 62 °C and flow rate of 2 L.min−1. Hence, low-temperature vapor could be employed to improve minimum work. The obtained values are comparable to those obtained by Miladi et al. [34], where it is revealed that the highest values for exergetic efficiency were recorded at 0.116%.Additionally, it is evident that the overall exergy efficiency calculated for the AGMD system has a maximum value of 56.3% at 12:00 h at a cold channel inlet temperature of 29.5 °C. However, the obtained value is similar to that reported in the literature for other AGMD, ranging between 52.1% and 55.4% for a cold channel inlet temperature Tc,in varies from 33.8 °C to 36.2 °C and for a flow rate of 2 L.min−1 [48].



Figure 11 and Figure 12 illustrate the performance curves of the solar collectors that were tested during the study. It is important to note that the exergetic efficiency recorded was notably lower than the energy efficiency, with the highest energy yield recorded at 52% and the maximum exergy efficiency at 4.45%. Energy efficiency solely measures the quantity and does not provide a thorough evaluation of the various losses that may occur in solar collectors. The results obtained in this study are similar to those found by Banat and Jwaied [21] and Miladi et al. [34], who recorded maximum exergetic efficiency values of 6.5% and 5.03%, respectively, and maximum energetic efficiency values of 55% and 48.12%, respectively. The energy forms indicated that the solar collector field is effective from an energy perspective but not from an exergy perspective. According to the energy profile, the solar collector field is efficient from an energy viewpoint and inefficient from an exergy viewpoint. Hence, performing an exergetic analysis of other solar field elements would provide the opportunity to make decisions that are more efficient and prevent membrane degradation.




4.5. Maximum Percentage of Component Destruction Exergy


The key outcome of the exergy analysis is the identification and quantification of the portions of exergy destroyed in each component. This result enables the measurement and recognition of the exergy loss areas, as well as the target components or sub-systems responsible for inefficiency. Thus, the error is determined. Figure 13 displays the distribution of exergy destruction in the AGMD, heat exchanger pumps, and flat plate collector. It can be observed that the majority of the total exergy loss, 95%, takes place in the solar collectors. However, the heat exchanger is the next significant source of exergy destruction, accounting for 2.55% of the total exergy loss, while the AGMD contributes to only 1.44% of the total energy loss. This disparity is primarily due to the different temperature values between the flat plate collector, heat exchanger, AGMD, and pumps.



Exergy destruction in solar collectors can be reduced by taking the following measures:




	-

	
Improving thermal insulation: A good thermal insulation system reduces thermal losses and helps to maintain the temperature of the collector. This can be achieved by using high-quality insulation materials and ensuring proper installation;




	-

	
Reducing radiation losses: Solar collectors can lose energy through radiation to the environment. To reduce this, you can use selective coatings on the absorber plates, which absorb more solar radiation and reflect less thermal radiation. This can increase the efficiency of the collector;




	-

	
Improving heat transfer: Heat transfer losses can occur due to poor fluid flow or inadequate heat transfer between the absorber plate and the fluid. You can reduce these losses by optimizing the fluid flow rate and using high-efficiency heat transfer fluids.




	-

	
Optimizing collector design: The design of the solar collector can also impact its efficiency. A collector with a larger surface area and a smaller heat transfer distance can reduce exergy destruction by minimizing thermal losses;




	-

	
Regular maintenance: Proper maintenance of the solar collector can help to ensure its efficiency over time. This includes cleaning the collector regularly to remove dust and debris and checking for leaks in the system.











5. Conclusions


In this study, detailed energy and exergy analysis of a solar-powered AGMD system for saline water desalination in the Gherdaïa region, Algeria, was conducted. A one-dimensional dynamic model was developed to analyze the heat and mass transfer processes in the AGMD system combined with a flat plate collector in order to predict water production and flux. The model was validated using previously reported flux data and used to examine the impact of various parameters on the efficiency of the solar AGMD desalination system. In addition, both energy and exergy analyses were conducted to evaluate the overall thermodynamic behavior of the solar AGMD desalination system. The main conclusions are summarized as follows:




	
Based on the obtained numerical results, an average distillate water production of 5.5 kg.m−2.h−1 could be achieved at a feed temperature of 62 °C and feed flow rate of 2 L.min−1;



	
Increasing the air gap thickness reduces the risk of direct contact between the membrane and the considered surface but will cause thermal and mass resistance, and thus a decrease in mass flux and thermal efficiency of the AGMD process. Therefore, it must be carefully considered based on the specific requirements and limitations of the system;



	
The exergy efficiency for the AGMD system is found to be 56.3%, which indicates that the AGMD module of the current design is moderately efficient, and large amounts of energy can be saved. It is important to highlight that all desalination processes have very low energy efficiencies. However, what distinguishes AGMD is that it operates at a lower temperature compared to other thermal distillation processes. This facilitates its coupling with solar energy;



	
The maximum exergy destruction occurs in the solar collector (95%) because of the large temperature difference between solar heat and the coolant fluid in the collector field, which results in high irreversibilities. Hence, effort should be made to reduce this exergy loss. Potential improvement of the solar collector field might be achieved by maximizing the collector’s optical efficiency as well as minimizing the overall heat losses of the collector area;



	
The two main sources of exergy destruction are the solar thermal collector and the desalination unit 95% of the total exergy loss is destroyed in the collector, while 2.55% of the loss of total exergy is destroyed in the heat exchanger and only 1.44% of the total exergy loss is destroyed in the desalination system;



	
Increasing the inlet temperature of the hot channel increases the system's overall energy and exergy efficiencies; while it reduces the total exergy destruction rate leading to the improvement in the performance of the system;



	
The results also confirm that the solar AGMD process is operating at 20.43% of the thermodynamic limit of UPR, which is unsustainable for future desalinated water supplies; therefore, there are a lot of opportunities to improve desalination system performance to achieve UPR at greater rates by hybridizing existing processes and developing better materials.








Finally, the outcomes derived from this study suggest that the design and operation of the AGMD solar water desalination system can be improved by exploring various ways to optimize its operating parameters. Additional research will be conducted to enhance its thermodynamic efficiency and overall economic and environmental impact and to examine the possibility of integrating the solar AGMD system with other systems.
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Nomenclature




	
A

	
surface area [m2]




	
Bw

	
mass transfer coefficient [kg.m−2.h−1.Pa−1]




	
Cp

	
thermal capacity [J.kg−1·K−1]




	
Dva

	
thermal diffusivity of water vapor in the air [m2.s−1]




	
dh

	
hydraulic diameter [m]




	
L

	
module length [m]




	
   m ˙   

	
mass flow rate [kg.s−1]




	
P

	
pressure [Pa]




	
PR

	
Performance Ratio [–]




	
R

	
thermal resistance [m2·K.W−1]




	
S

	
salinity [g.kg−1]




	
T

	
temperature [°C]




	
T

	
time [s]




	
U

	
heat transfer coefficient [W.m−2·K−1]




	
     W ˙   m i n     

	
Minimum work (kW)




	
Greek letters




	
α

	
activity coefficient [–]




	
β

	
water fraction [–]




	
δ

	
thickness [m]




	
ε

	
porosity [–]




	
ŋ

	
Efficiency




	
μ

	
dynamic viscosity [kg.m−1·s−1]




	
ρ

	
density [kg.m−3]




	
τ

	
tortuosity [–]




	
φ

	
thermal flux [W.m−2]




	
Subscripts




	
0

	
reference state




	
a

	
Air




	
ag

	
air gap




	
c

	
Cold




	
ev

	
Evaporator




	
ex

	
Exergy




	
E

	
Feed




	
h

	
Hot




	
hm

	
hot fluid-membrane interface




	
In

	
Inlet




	
m

	
Membrane




	
ma

	
membrane-air gap interface




	
out

	
Outlet




	
P

	
Permeate




	
pc

	
cold fluid-plate interface




	
pp

	
temperature at the permeate-plate interface




	
So

	
Source




	
sw

	
Seawater




	
th

	
Thermal




	
v

	
Vapor
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Figure 1. Schematic diagram of the AGMD process. 
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Figure 2. Evolution of permeate flux as a function of feed temperature [48]. 
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Figure 3. Annual temperature and solar radiation evolution (Ghardaïa site). 
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Figure 4. Environmental conditions on 21 July (Ghardaïa site). 






Figure 4. Environmental conditions on 21 July (Ghardaïa site).



[image: Water 15 01201 g004]







[image: Water 15 01201 g005 550] 





Figure 5. Variation of output inlet temperatures of the hot channel over the local time. 






Figure 5. Variation of output inlet temperatures of the hot channel over the local time.



[image: Water 15 01201 g005]







[image: Water 15 01201 g006 550] 





Figure 6. Variation of permeate flux and GOR over the local time. 
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Figure 7. Variation of performance ratio over the local time. 
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Figure 8. Variation of UPR% of thermodynamic limit and the thermodynamic limit over the local time. 
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Figure 9. Variation of Standard Primary Energy and Universal Performance Ratio over the local time. 
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Figure 10. Variation of exergy efficiency of AGMD andthe minimum separation work with time. 
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Figure 11. Variation of the collector energy efficiency variation with a solar with time. 
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Figure 12. Variation of the collector exergy efficiency variation with a solar with time. 
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Figure 13. Rates of exergy destruction in the solar AGMD system components. 
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Table 1. Summary of exergy efficiency for different MD configurations from the literature.
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	Type
	Capacity (m3/Day)
	Exergy Efficiency (%)
	Reference





	RO
	7250
	4.3
	[43]



	MD on RO retentate
	22,344
	19.1–21.9
	[44]



	MED-TVC
	4,802,976
	3.6
	[45]



	MD
	0.31
	0.3
	[46]



	DCMD with HR
	24,000
	28.3
	[22]



	DCMD without HR
	24,000
	25.6
	[22]



	AGMD (Xzero)
	0.22–0.73
	8.54–19.32
	[38]



	AGMD (Elixir500)
	0.1–0.17
	18.3–26.5
	[38]










[image: Table] 





Table 2. Mass and energy balance model equations [48].
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AGMD Unit






	
Heat transfer




	
Parameter

	
Equation

	
No.




	
Energy conservation

	
    φ h  =  φ m  =  φ  a g   =  φ p  =  φ c    

	
(1)




	
Heat flux in the hot channel

	
    φ h  = h  C h  (  T h  −  T  h m   )   

	
(2)




	
Heat flux from the surface of the membrane to the condensate

	
    φ m  =  1   R  m T        T  h m   −  T  m g     +  J w    .   Δ  H v    

	
(3)




	
Heat flux through the air gap

	
    φ  a g   =  1   R  a g        T  m g   −  T p      

	
(4)




	
Heat flux in the boundary layer of the cold channel

	
    φ c  =  h  c c      T p  −  T c      

	
(5)




	
Mass transfer




	
Permeate flux

	
    J w  =  B w    α β  P  h m   −  P p      

	
(6)




	
Antoine equation

	
   P = e x p ( 23.1964 −   3816.44   T − 46.13   )   

	
(7)




	
Permeability of the membrane

	
    B w  =   ε   M   P    D  v a     R   ∗    T m       δ  m τ   +  δ  a g           P   a       l n , a       

	
(8)




	
Heat exchangers




	
Heat exchanged

	
   φ = F × U × A × L M D T   

	
(9)




	
   φ =   m ˙   s o   ×  C  p , s o   × A × Δ  T  s o     

	
(10)




	
   φ =  m r  × Δ  H r    

	
(11)




	
Solar Flat Plate Collector




	
Energy gained by the absorber

	
    Q r  =     α τ     e f f     I T   

	
(12)




	
Quantity of solar radiation received by the collector

	
    Q i  = I T ×  A c    

	
(13)




	
Energy gained by the absorber

	
    Q 0  =  U L   A c       T c  −  T a      

	
(14)




	
Useful energy absorbed by the collector

	
    Q u  =  Q r  −  Q 0  =     α τ     e f f     I T    A c  −  U L   A c       T c  −  T a      

	
(15)




	
Collector heat removal factor

	
    F R  =    m ˙   C p       T 0  −  T i          α τ     e f f     I T    A c  −  U L     T i  −  T a        

	
(16)




	
Ratio of useable energy gain

	
   η =  F R    A [     α τ     e f f   −    F R   U L     T i  −  T a      I T   ]   

	
(17)
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Table 3. Characteristic of the used membrane [48].
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	Properties
	Value





	Thickness
	0.28



	Pore size
	0.2



	Porosity
	80



	Tortuosity
	1.5










[image: Table] 





Table 4. Solar AGMD system operating conditions obtained from thermodynamic analysis (maximum values).
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	N
	Temperature (K)
	Mass Fow Rate

(kg/s)
	Salinity

(g/kg)
	Enthalpy

(kJ/kg.K)
	Entropy

(kJ/kg)
	Exergy

(kW)





	1
	87.5
	0.024
	0
	385.58
	1.2619
	0.556



	2
	62.66
	0.024
	0
	262.08
	0.8642
	0.2344



	3
	62.69
	0.024
	0
	262.47
	0.8652
	0.2352



	4
	62.95
	0.033
	0.35
	117.76
	0.4097
	0



	5
	29.8
	0.033
	0.35
	118.96
	0.4137
	0.2036



	6
	57.91
	0.033
	0.35
	151.43
	0.5195
	0.0158



	7
	62.11
	0.033
	0.35
	248.6
	0.8202
	0.2260



	8
	58.77
	0.03
	0.43
	232.22
	0.7760
	0.1863



	9
	58.84
	0.03
	0.43
	232.5
	0.7668
	0.1872



	10
	29.70
	0.003
	0
	124.52
	0.4317
	0.030



	11
	29.88
	0.003
	0
	125.28
	0.4342
	0.0310



	12
	29.8
	0.003
	0
	125.17
	0.4260
	0.0303



	13
	29.8
	0.03
	0.43
	118.04
	0.4076
	0.1510
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