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Abstract

:

Volume reduction has been suggested as a novel method to tackle the various challenges associated with produced water. The present solution offers an economical and environmentally friendly solution to treat a large bulk of produced water that may overwhelm conventional water treatment methods. The current study provides a review of the various volume reduction technologies including freeze concentration, reverse osmosis, and humidification and dehumidification desalination systems. Focus is concentrated on the general HDH technologies in addition to its integration with refrigeration cycles for conditioned air production, and the power cycles for power generation. The GOR, freshwater yield, and efficiencies of the integrated HDH systems were reviewed. Lastly, innovation in the HDH desalination technology is discussed with emphasis on its incorporation with the MVC process.
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1. Introduction


While an increase in energy demands especially from the oil and gas sectors present several challenges, one of the prominent problems faced is that of produced water (PW) [1]. PW is water associated with the extraction of oil and gas and is considered to be one of the largest contributors of generated wastewater. Reports have indicated that nearly 21.2 billion barrels of produced water were generated in 2012, in the United States alone [2]. The bulk of the waste stream in offshore oil and gas operation is PW, accounting for nearly 80% of the waste produced. Moreover, the amount of PW is observed to increase as the age of the oil wells increase [3]. McCabe [4], through his studies, has reported that the volumes of PW in exhausted fields can reach up to 98% while producing only 2% of fuel. While the current oil extraction trends provide a 3:1 water to oil produced ratio, the production of PW is expected to increase as the wells age [4,5]. It has been estimated by Burnett [6] that the ratio of water to oil could reach up to a ratio of 10:1 as the well matures. With such large volumes of PW generated, optimal treatment and reuse is paramount. On the other hand, water scarcity continues to become a global concern affecting nearly 2 billion people, and the situation is expected to worsen with further industrialization and urbanization [7]. While freshwater production from natural resources may not be a viable option for many regions, desalination of saline water and opportunities to reuse PW as a means to reduce water stress may be a valuable resource. Optimizing the reuse of PW in the oil and gas industries is not limited to enhanced oil recovery but is also relevant for well drilling and hydraulic fracturing procedures. PW reuse minimizes underground disposal volume, surface discharged volume and all associated costs. While there is reported reuse of PW in the oil and gas industries, PW can also be employed for livestock watering, irrigation, and stream augmentation; however, less than one percent of the generated PW is used for such applications. Promotion of the wider reuse of PW may be more applicable with further research and development of cost effective and ecofriendly technologies.



The present paper highlights the potential for desalination techniques to meet freshwater requirements through various volume reduction techniques while placing emphasis on the humidification–dehumidification (HDH) desalination system. The prime advantages offered by the HDH process lie in the simplicity of its design and low capital cost. In addition, the process is adequately flexible to be integrated with other technologies, requires low maintenance, utilizes low-grade energy, and can be applied in decentralized areas [8]. The undeniable advantages provided by the HDH technology have prompted researchers to further their existing knowledge on the system by integrating it with various refrigeration, power, and desalination cycles to increase productivity while optimizing energy consumption.




2. Produced Water Treatment


With more than 21.2 billion barrels of PW being generated each year, it is essential to treat and reuse this water; however, what makes PW treatment and reuse challenging, apart from the large volume, is its complex and non-uniform mixture. The composition of PW can vary in total dissolved solid concentration, organic content, and metal concentration depending on the place and position it was generated. The possible presence of heavy metals further exacerbates treatment operations by causing corrosion of and scaling on equipment. Despite the obvious challenges, several studies each exploring the efficiency of repurposing PW have been conducted. Ahmadizadeh [1] conducted the studies on the efficiency of halophilic microorganisms and forward osmosis (FO) to reduce the volume of PW and present organic pollutants. They concluded that the FO process was capable of reducing the volume of PW by 30% while a subsequent Osmosis Membrane Bio Reactor could extract 66% of the organic matter. Visvanathan [9] suggested the use of reverse osmosis (RO) for the volume reduction of PW, provided that an appropriate pretreatment was selected. Adsorption as a treatment method was studied by Janks [10] using tailored zeolites. The Crudersorb technology that employed a series of adsorption steps was reported to reduce oil and grease content to less than 29 ppm [11]. Although frequently applied for particle extraction from water samples, the prominent drawback of the adsorption methods is the frequent regeneration of adsorbents and the waste generated. Adewumi [11] suggested the use of sand filtering preceded by a set of pretreatments for the efficient removal of metals from PW. While separators such as centrifuges and hydro-cyclones were industrially used for de-oiling PW, Van den Broek [12] hinted towards the low performance efficiency of the systems, also commenting on the inability of the methods to extract hazardous components, thus requiring other post treatment options. Other physical PW treatment methods such as evaporation, C-TOUR, dissolved air precipitation (DAP), freeze concentration, and electrodialysis are available but are either patented designs or were inadequately researched and applied.



Chemical treatment of PW in contrast to many physical treatment methods is less time-intensive and could be tailored for more efficient extraction of pollutants. Among the several materials available for chemical precipitation, FMA, a polynuclear polymer, displays appreciative coagulation, and could de-oil PW with an efficiency greater than 92% [13]. Studies conducted by Houcine [14] for the removal of heavy metals displayed a removal efficiency of more than 95% when lime was used. The method of chemical oxidation to reduce both the organic and inorganic compounds from PW through the application of oxidants and catalysts have been extensively used in several industries. Commonly used oxidants such as H2O2, O3, K2FeO4, etc., are capable of reducing complex organic pollutants to smaller, more manageable forms. These oxidants fall under the category of an advanced oxidation process [15], a technology that relies on the production of hydroxyl radicals for the required oxidation. Despite the impressive effectiveness of the Fenton chemical oxidation process, Ganiyu [16] and Zhang [17] remark that the precipitation of the iron ions severely impacts the efficiency of the process and produces undesired sludge. Hydrophobic ionic liquids, with their versality, were observed to display an affinity for extracting organic pollutants from water [18]; however, their application for commercial use is restricted due to the limited technology required and lack of suitable post-treatment options available.



While reliable and effective, chemical treatment of wastewater and PW often uses toxic chemicals that presents secondary pollution problems. In addition, chemical treatment methods thus far discussed are cost intensive. In response to the afore-mentioned challenges, alternative treatment methods in the form of membrane treatment were researched and applied. Microfiltration (MF) [13], ultrafiltration (UF) [9], nanofiltration (NF) [9], and reverse osmosis (RO) are predominantly used in the water treatment industry. The application of the methods depends on the size of the pollutants to be extracted. Typically, MF is applied to remove suspended solids, while UF is used for the separation of macromolecules. The RO method is capable of separating dissolved solids and ionic compounds and NF is primarily applied for the extraction of multivalent ions [19]. Ciarapica [20] stated that membrane systems are capable of treating water high in oil content and can thus be suitably applied in offshore platforms. Figure 1 summarizes the various PW treatment technologies available for commercial application.



Although physical treatment, chemical treatment and membrane treatment technologies thus far discussed have proven to be effective for wastewater treatment, the shear bulk of PW generated often overwhelms the technologies and is associated with high treatment costs. To counter this, volume reduction is sought as a more economical and environmentally friendly alternative. Recent studies have highlighted the use of reverse osmosis (RO), freeze concentration (FC) and evaporation as a means to achieve a volume reduction of water with the aim of obtaining clean water. The present study aims to summarize each of the volume reduction technologies for concise comprehension and comparison.




3. Freeze Concentration


Freeze concentration (FC) focuses on extracting water from a solution, through crystallization. This translates to freezing water into ice crystals of high purity while organic and inorganic pollutants are concentrated into the remainder of the solution. The crystallization process is a subject of interest in many industries, particularly in wastewater management for its numerous advantages. The closed system is capable of handling solutions of varying compositions while preventing the loss of volatile compounds to the surrounding environment. The low temperatures of the process further prevent the corrosion of equipment used [21]. The overall capital cost of the process is lowered as inexpensive materials for construction can be employed because of the low operating temperature of the system. More importantly, the process is highly energy efficient compared to thermal desalination alternatives. This is attributed to the low latent heat of freezing as compared to the latent heat of evaporation [22].



Although interest in FC can be traced back to 1786, the method has remained a subject of little practical application and was thought suitable only in regions of colder temperatures. The innovation of refrigeration machines revived a short-lived interest in the process and the availability of surplus energy bought forward by the crude oil industry in the 1970s shifted interest in the use of alternative water purification methods such as RO and evaporation. In more recent times, the application of FC, though limited to the food industry, has been regaining attention for more commercial applications. Figure 2 is used to depict a typical FC process flow.



The FC method is subdivided into a suspension freeze concentration (SFC), progressive freeze concentration (PFC), and block freeze concentration (BFC). The prime difference between these methods is the size of the ice formed and the equipment used to achieve it. The SFC method involves the use of an array of equipment, such as heat exchangers, recrystallization drums, and washing towers to produce small ice crystals. The use of the large amount of equipment translates to higher operating costs of the method. For this reason, continuous research and development is carried out to optimize the method. The PFC method, in contrast, relies on the formation of a single large ice crystal with the use of minimal equipment. The crystals are designed to be formed on the cooling surface thus allowing for easier separation between the crystals and the solution. Although the PFC involves a simple operation, low cost, and high purity of crystals, the productivity is low when compared against the SFC method. Moreover, the volume of crystals produced are also low [23]. BFC is a two-step process, that first involves the freezing and thawing of the solution to recover a highly concentrated potion of pure ice, followed by gravitational separation techniques.



Despite promising potential, only a few studies have been conducted on the application of the FC technology as a means of volume reduction of PW. Samsuri [21] evaluated the efficiency of PFC for extracting water from PW and biodiesel water. The efficiency of the system was evaluated through the effective partition constant (K) and the separation efficiency [24]. The effective partition constant (K) is defined as the ratio of solute concentration in the crystals to that in the liquid phase. This factor is represented in Equation (1). The separation efficiency [24] can be used equally well to define the system efficiency and is defined is Equation (2).


  K =    C S     C L     



(1)




where CS represents the solute concentration in the crystals. CL is the solute concentration in the liquid solution.


   S E  =    C O  −  C S     C O    * 100 %  



(2)




where CO is the initial concentration of the solution. Higher values of SE translate to higher efficiency of the system while lower K values indicate improved efficiency.



While testing the effect of stirring on the water removal efficiency of the PFC process, it was observed that the K constant decreased as the stirring rate was increased. They concluded that the rate of stirring decreases the advance rate in the ice front [21]. The vigorous movement of the solution bought forward by stirring will cause a decline in a slower solidification rate, thereby resulting in lower amounts of solutes concentrated in ice. Verifiable results were obtained by Halde [25] who further explained that aggressive stirring prevents solute build-up at the interface; however, care should be taken as excessive stirring can erode the ice crystals formed.



The dependency of the PFC method on the temperature was then evaluated. The observed trend was non-linear with the highest efficiency achieved at intermediate temperatures of 16–18 °C. It was justified that at such a suitable temperature, the theoretical velocity of mass diffusion supersedes the speed of heat removal, thus allowing for the diffusion of the solutes and escape from the freezing point [25].



Latent heat is released into the coolant and solution as the crystals proceed to grow. Therefore, lower coolant temperatures are justified to maintain a constant solution temperature; however, too low a coolant temperature can yield unsatisfactory results. This is because at such low temperatures the structure of ice is fragile and dendritic, thereby trapping solute particles in it.



Williams [26] studied the application of FC for desalination and reviewed the four categories of the freezing process generally applied in industries. This includes direct contract freezing, vacuum freezing and indirect contact freezing.



In direct contact freezing, a liquid hydrocarbon immiscible with water is used as the refrigerant and bought into direct contact with seawater. Initially the refrigerant is under high pressure. Upon expansion, the refrigerant evaporates, cooling the seawater and forming ice. The hydrocarbon vapors are then compressed and recycled to the process while its heat is used to melt the obtained ice. This method provides the benefits of a high production rate per unit volume and low power consumption; however, since the refrigerant used is in contact with the water, there is a high possibility of retention of the hydrocarbon in the ice. Thus, further treatment is called for to make the water potable.



In the vacuum freezing method simultaneous evaporation and freezing occurs. The refrigeration effect is bought forward by water which is vaporized by the high vacuum employed. This causes the brine temperature to significantly drop and form ice. Theoretically, it is estimated that 1 kg of water evaporated could yield 7 kg of ice. This was based on the calculation that the latent heat of vaporization is seven times greater than the latent heat of freezing [22]. Therefore, the system is associated with high production efficiency. By eliminating the use of other chemical refrigerants, contamination and separation problems are averted, but the application of the method is severely hindered by the complex compressor design required to process the large specific volume of water vapor [26].



To counter this Lu [27] suggested the hybridization of vacuum freezing. They recommended the vacuum-freezing vapor adsorption (VFVA) system and the vacuum-freezing high-pressure ice melting (VFHPIM) process. The VFVA involves the adsorption of water vapors followed by its reclamation from the adsorbent. By replacing the compressor with an adsorption system, energy is supplied to the system by the latent heat of steam in the absorbent generator [27]. In contrast, the VFHPIM method employs neither a compressor nor an absorbing solution for the low-pressure water vapor. These processes are efficient and cost competitive alternatives to conventional desalination processes.



In the indirect contact freezing process, as the name suggests, the refrigerant is kept away from seawater in a conventional vapor compression refrigeration cycle. This cycle first absorbs heat from the seawater and then transfers it to the melting unit where ice crystals are present. In a sense, the freezer chamber and the melting unit represent the evaporator and the condenser of the refrigeration cycle, respectively, thereby optimizing the process to a degree. Despite this, further optimization of the compressor is required. This is to ensure that the refrigerant temperature is well below that required by the freezing chamber and higher than that of the melting chamber [26]. Although straightforward in its operation, indirect contact freezing is associated with high energy consumption. Weiss [28] explains this is primarily due to the resistance to heat transfer between the refrigerant and seawater. Rahman [29] further elaborated that large metallic heat transfer surfaces would be required for efficient operation of the freezing chamber and the melting unit. Thus, more complex equipment design is required and at a higher capital cost. The drawbacks of the method far outweigh the benefits provided by it rendering the process infeasible for large scale commercial application.



Several papers have been dedicated to highlighting the advantages offered by freeze concentration in various commercial fields, primarily for desalination and water treatment. While the FC process has lower energy consumption as compared to other desalination processes and prevents the problems associated with equipment corrosion, its commercial application is limited. Rahman [30] explains that the large separation energy costs for the development of FC technology presents severe challenges to its industrial application. To overcome this, further energy and economic analysis of the method should be conducted while also considering integration of the process with existing commercial processes.




4. Reverse Osmosis


PW is a source of many organic and inorganic pollutants, metals, and other contaminants; however, the major source of contaminants is the TDS. The presence of large amounts of TDS has promoted the use of reverse osmosis (RO) for PW treatment as a novel volume reduction technique. Visvanathan [9] claims that although RO is sensitive to fouling due to the presence of organic matter, the use of appropriate pre-treatment methods can help overcome the problem. Tao [31] suggested increasing the pH of PW before treating in the RO unit to prevent fouling. By controlling the pH of the solution, the solubility of oil can be increased thus reducing RO membrane fouling; however, care must be taken, as increasing the pH to higher levels may lead to membrane scaling. Despite the obvious drawbacks, RO technology has been used for water treatment at an industrial scale because of its lower carbon footprint and energy cost. Furthermore, RO does not require the use of chemicals and, therefore, post treatment methods if required are simplified. Figure 3 describes the simple schematics of a RO process.



Visvanathan [9] conducted studies of several pre-treatment methods on a pilot-scale plant to select the technique most suitable for the RO process. Among the selected pre-treatment methods were microfiltration [13], ultrafiltration [9], and nanofiltration [9]. Multimedia gravity filtration was used prior to all pre-treatment methods to remove larger pollutants that could impede the process.



The experimental runs for the microfiltration employed 20 µm and 1 µm filter bags. A significant decline in RO flux was observed soon after operation. Moreover, microfiltration was unable to remove oil contents completely from the feed water. Membrane autopsies indicated irreversible fouling of the membranes used. In response to the failure of microfiltration as a pre-treatment method, the potential of ultrafiltration was tested. Two types of membranes were tested: a hollow fiber UF membrane and a spiral wound UF membrane. While the spiral wound membrane provided oil rejection of up to 85%, and the hollow fiber membrane rejected oil content up to 40%, there was a noticeable RO flux decline in both cases [32]. Irreversible membrane fouling occurred for both membrane types used after a few days of operation. It was concluded that fouling of the membranes was not only attributed to the presence of oil molecules but also other organic matter present in the water. Although the UF membrane performed better than the MF membranes, it was unable to extract low-molecular weight organic matter. Therefore, the performance of nanofiltration was tested for further comparison. Among the many NF membranes tested, polypiperazine-based membranes performed well especially with regards to fouling. The NF 45 membrane was also reported to be adequately resistant to fouling. Furthermore, the fouling was reversible in nature. Thus, Visvanathan [9] recommend RO treatment paired with NF and gravitational filtration as a pre-treatment for the volume reduction of PW. Their suggestion was further verified by the positive results obtained from the pilot-scale NF + RO plant treating PW. It was reported that the system could process irregularities in PW composition without any significant impact on the filtration efficiency and only periodic cleaning of the membrane was required.



Mondal [33] investigated the use of polymeric membrane nanofiltration and low-pressure, RO thin film composite (TFC) membranes for PW treatment. Among the different types of membranes tested, the NF 270 membrane provided the least reduction in flux, while the BW 30 membrane yielded the highest purity of permeate. It was concluded that for practical applications, the choice of membrane largely impacts the water quality, and that membrane filtration can be optimized to become a feasible PW treatment method.



McGinnis [34] and Chen [35] proposed the use of forward osmosis [1] as a means of volume reduction. They claimed that since PW is often characterized by high salinity it can thus be used as a draw solution (DS). Moreover, employing FO for PW treatment can offer high water recovery and reversibility in fouling. McGovern [36] counters the claim by highlighting the high energy consumption required for the regeneration of diluted draw solution post the FO process. Several studies have since then been dedicated to minimizing the drawbacks of the FO process while optimizing the advantages offered by it. The most noticeable suggestion was the combination of two driving forces to attain high water recovery and energy efficiency [37,38]. This operating process was named osmotic assisted reverse osmosis (OARO) or osmotically enhanced dewatering [39] wherein the DS of a lower concentration than the feed solution [13] is used to replace a part of the hydraulic pressure as osmotic pressure [39]. Thus, OED can operate at hydraulic pressures lower than that required by a RO system resulting in increased energy efficiency and water recovery. Through their investigation on the effectiveness on OED on shale gas PW, Kim [38] concluded that the OED process offers improved water recovery, lower concentration of the diluted solution and greater reduction on the membrane area requirements as compared to the FO system. They attribute the effectiveness of the OED to the enhanced water transport through the membrane without the impact of the internal concentration polarization seen in the FO process. Lastly, the OED process displayed satisfactory rejection of most ions with feed water recovery reaching up to 67%. This indicated the potential of the OED process for PW treatment; however, further economic evaluation and development of suitable membranes are suggested.



Recent studies have seen the application of membranes for air humidification as well as humidification–dehumidification desalination. Several membranes have been evaluated for their application. In their studies, Zhang et al. [40] showed that hollow fiber membranes offered significant advantages for air humidification over other conventional technologies. This was especially true when the mentioned membranes were coupled with counter flow heat and mass transfer. In membrane-based air humidification processes, moisture droplets are prevented from mixing with air while the membranes effectively allow for water to pass through them. A similar study conducted by Li et al. [41] tested hollow fiber membranes for humidification–dehumidification desalination. They studied the effect of membrane thickness, heat conductivity, membrane area and moisture diffusivity on the performance of the membranes and validated it against experimental data. It was concluded that moisture diffusivity and membrane area were the prime parameters that effected performance. Zhang et al. [42] conducted studies on composite hydrophobized membranes on polyvinylidene supports. The developed membranes displayed exceptional antifouling properties without compromising the permeability. While currently limited, studies are available for membrane application for air humidification and interest in the field is significantly growing.




5. Humidification and Dehumidification Desalination


Humidification–dehumidification desalination (HDH) is described as a novel volume reduction method that employs a carrier gas for the thermal desalination of water. Currently used for small scale desalination, the advantages provided by the HDH method are too great to be ignored. The benefits of the process include the use of low-grade energy and simple design and construction.



A simple HDH system primarily consists of a humidifier and a dehumidifier and its working principle is inspired by the natural rain cycle. To elaborate, the HDH relies on the ability of air to absorb and carry moisture from a water source. In this manner, in the humidifier saline water is brought in contact with air. The concentration gradient of water vapor between the air and water interface causes the diffusion of moisture into the air. The dehumidifier is then employed to collect freshwater from the air by means of condensation. The HDH system also requires the use of a heating medium. This then helps classify the system as water heated (WH) [43] or air heated (AH) [44] depending on the type of heating used for each stream. The heating medium plays a crucial role in the system as their thermal energy determines the amount of the pure water to be vaporized from the saline water. Generally, the capacity of the medium to vaporize freshwater increases with a rise in its temperature [45]. Figure 4 presents the schematics of a simple HDH cycle.



Kabeel [44] suggested the use of saline water as the cooling medium in the dehumidifier. Doing so aided in the recovery of the latent heat from the warm humid air, and so helped pre-heat the saline water to be fed to the HDH system. Despite the simple design of the process, several studies have been dedicated to providing variation in the components with the aim of further optimizing the process. El-Dessouky [46] suggested the use of waste heat from a gas turbine power plant for the HDH system while Al-Hallaj [47] studied the performance of a solar desalination unit using the HDH system.



While the performance of the HDH cycle can be represented in terms of yield, and cost of freshwater, the most common index of performance is the GOR. The gained output ratio (GOR) is defined as the ratio of the total latent heat of evaporation of freshwater produced to the energy provided to the HDH system. The GOR is calculated using the following equation:


  GOR =    m  freshwater   .  h  fg      Q  in      



(3)




where,    m  freshwater     refers to the flowrate of freshwater produced,    h  fg     is the latent heat of evaporation of freshwater, and    Q  in     is the energy input to the HDH process.



Higher GOR values indicate better performance of the HDH system.



Studies were also dedicated to analyzing the HDH configurations for maximum efficiency and productivity. The three main configurations of the HDH are, namely, the closed-air open-water (CAOW) cycle, the open-air open-water (OAOW) cycle, and the open-air closed-water (OACW) cycle.



Narayan [48] and Mistry [49] aimed to discuss methods for the optimization of the HDH process by investigating its thermodyanmic behaviour using the first and second law of thermodynamics. Their studies, however, were limited to the optimization of the process to a single parameter. On the contrary, Mistry [50] claimed that HDH cycles are functions of various parameters, therefore more methodical optimzation calculations are required.



In their paper, Mistry [50] aimed to determine the operating conditions and configuration best suited to provide optimal results in terms of the GOR. They claimed that when using the WH cycles, OAOW configuration exhibited better performance when compared to the CAOW configurations, regardless of the relative humidity. In a similar fashion, within the AH cycles, CAOW configuration yielded better results than OAOW cycles with the exception of a condition of 100% relative humidity. While it was observed that both the WH and AH cycles provided comparable GOR, the AH cycles often required the use of larger humidifiers and dehumidifiers than the WH cycles [51].



Several studies then integrated the HDH desalination process with other conventional methods with the aim of achieving a higher GOR value and therefore an improved performance of the system. Narayan [48] reported a GOR of greater than five for a multistage HDH system paired with thermal vapor compression (VC) cycles. Narayan [52] proposed increasing the efficiency of the HDH system through integration with a RO unit. They reported that the combination could yield a GOR of up to 20, which is significantly higher than that obtained by conventional HDH systems. The effect of pressure on the GOR was investigated by Siddiqui [53]. It was reported that a maximum GOR of 8.2 was achieved when the humidifier was operated at a pressure of 50 kPa.



Heat pumps as a source of energy to be used in desalination systems has been garnering great attention over the recent years. The use of a solar assisted heat pump was studied by Hawlader [54] using a single effect evaporation desalination unit. Studies conducted by Gude and Nirmalakhandan [55] combined solar assisted air conditioning systems with desalination. The effectiveness of the adopted system yielded results in close competition to the multi-stage flash distillation (MSF) process with a desalination efficiency of 80–90%.



Lawal [56] presented two layouts of HDH with heat pumps aiming to improve the performance and the GOR of the HDH system. Through their experiments, the influence of the mass flowrate ratio (MR) on the GOR of the system was observed. It was noted that increasing the MR coincided with an increase in GOR until an optimum value before a decrease in the GOR with an increasing MR. They explain that high values of MR may cause flooding in the HDH system with insufficient air supply in the humidifier. Therefore resulting in a decreased GOR. The peak value of the GOR is attained when the humidifier has an optimum flowrate of air and feedwater providing adequate water evaporation and thus higher productivity.



5.1. HDH Design Optimization


Further attempts to optimize the HDH process involved investigation on the types of humidifiers and dehumidifiers available. The knowlegde that the humidity of the air entering the humidifier contributes to the performance of the unit prompted reseachers to optimize the parameter through a variation in design. Kassim [57] performed a numerical analysis of parallel plate channel humidifiers. They claimed the optimal performance was recorded at a low inlet air humidity. Packed bed, spray towers, and bubble towers could also be used as humidifiers; however, it was found that packed bed humidifiers enhanced the effectiveness of the system while direct contact dehumidifiers out-performed conventional dehumidifers [58]. The use of solar film humidifiers presented by Saidi et al. [59] provided mass and thermal yields of above 80%.



It was reported that dehumidifiers played a more crucial role in the production of freshwater as compared to humidifiers [60]. This prompted reseachers to investigate various types of heat exchangers to be used as a dehumidifer with an emphasis on the materials and heat transfer surface to be used. Muller-Holst [61] investigated the use of flat plate heat exchangers while El-Agouz [62] proposed the use of a finned tube heat exchanger. The flat plate and the finned tube heat exchangers are also the most commonly used in dehumidification processes; however, a copper coiled tube condenser tower has been in consistent use as a condenser. The theoretical and experimanetal working of this condenser can be found in the works reported by Amer [63]. Research on the effectiveness of a bubble column dehumidifier was carried out by Tow [64]. Among the various observations reported by them, it was claimed that the effectiveness of the process decreased as the air flowrate and moist air temperature increased. Moreover, the use of smaller coils was associated with an increased parallel flow effectiveness. The use of a packed bed column and spray towers as dehumidifiers was suggested as it promoted direct contact between humid air and the cooling medium. This allowed for a greater thermal energy transfer with minimized resistance. In addition, direct contact dehumidifiers offer a higher specific area of interface between the two mediums, thus minimizing the loss of humid air pressure. Eslamimanesh [65] theoretically modelled a HDH system to investigate the influence of operating parameters on the performance of the system. It was reported that an increase in the inlet airflowrate and recycled water flowrate led to an increase in freshwater yield. Increasing the temperature of the inlet air to the humidifier or decreasing the water inlet temperature of the dehumidifier helped achieve increased water productivity. On the contrary, raising the flowrate ratio of water to air in the humidifier was not suggested as it led to a drop in the system’s productivity.




5.2. Humidification–Dehumidification (HDH) Desalination Hybridization


This section reviews studies conducted on the integration of the HDH desalination system with other processes to improve performance, efficiency, and yield of the overall process.



5.2.1. HDH and Refrigeration Cycles


Despite the undeniable advantages of the HDH system, evidently the process can be greatly optimized through a combination of the system with different technologies. Nada [66] proposed the hybridization of the HDH desalination system with air conditioning to simultaneously produce freshwater and attain thermal comfort within the conditioned space. The working prinicple behind this proposal was employing vapor compression refrigeration cycles (VCR). In their studies, Nada [66] coupled the HDH system with the VCR cycles to investigate the efficiency of using the VCR evaporator as a HDH system dehumidifier. Traditionally in the HDH–VCR process, freshwater is first produced through a conventional dehumidifier using an external cooling medium, after which additional freshwater was produced using the VCR evaporator as an auxiliary dehumidifier. The cooled air exiting the dehumidifiers was further used for air conditioning purposes. Although the HDH–VCR process is known to have higher electrical power consumption, it compensates for the drawback through increased freshwater production and cooling capacity [58]. Elattar [67] claimed that the proposed HDH–VCR system would provide an efficient application in regions of hot and humid climates. Figure 5 depicts the simple HDH–REF combined cycle for graphical comprehension.



In a similar fashion, vapor absorption refrigeration (VAR) cycles could be used with the HDH process in place of the VCR cycles. Chiranjeevi and Srinivas [68,69] in their studies provided holistic analysis and results for the HDH–VAR cycles. In such a system, freshwater is first attained through the air-cooling dehumidifiers, after which chilled water from the VAR unit is used to increase freshwater production while simultaneously providing conditioned air. The use of solar flat plate collectors (FPCs) and concentrating collectors have been recommended to satisfy the heating demand of the HDH–VAR cylces. It was further demonstrated that the HDH–VAR system displayed improved performance at higher evaporator exit temperatures and higher humidifier effetiveness.



Despite the numerous studies conducted on the HDH–Refrigeration (HDH–REF) cycles, no verifible results were obtained in terms of water productivity, air condition quality, energy utilization factor (EUF) and total operating cost (TOC) savings. The varying results were attributed to the different types of refrigeration cycles used and the configuration of the system. Generally, VCR cycles were recommended for application in hot and humid regions as it boosted the performance of the HDH–VCR system. Strong emphasis was made on the proper selection of location of the evaporator of the cycle for maximized productivity. Similarly, optimization of the feedwater concentration, humidifier effectiveness, and evaporator temperatures were recommended for improved HDH–VAR performances.



Further optimization of the HDH–REF cycle was explored by utilizing the heating load of the refrigeration cycle in the HDH process. Lawal [56] studied the efficiency of using the VCR condenser to heat the feedwater to the humidifier or to increase the temperature of the inlet for humid air entering the dehumidfier. It was further reported that AH cycles yielded more favorable energy and exergetic results. He et al. [70,71] studied the thermodynamic performanc of the HDH–VCR system wherein the VCR was used to transfer heat from the discharged brine to raise the VCR condenser feedwater temperature. It was reported that the GOR of this system increased from 4.91 to 5.14. An increase in freshwater productivity was observed at a lower pinch temperature difference of the VCR condenser. Furthermore, although elevated pressure was favorable in the VCR cycle to increase water production, it was essential to operate the cycle at optimal pressure as elevated pressures translates to higher power consumption. In their studies Rostamzadeh [72] mathematically modeled a HDH–VAR cycle using ammonia and water. In this system, the waste heat from the discharged brine was recovered by the cooling effect of the VAR desorber while the heating effect of the VAR was used to heat the HDH cycle.



Dehghani [73] investigated the use of a direct contact humidifier in a HDH–REF cycle. They noted that a fully coupled HDH–REF could eliminate the need for additional coolers by adjusting the mass flowrate ratio of seawater to dry air or seawater to freshwater. A set up similar to that investiagted by Dehghani [73] was studied by Zhang [74]. In their set-up, however, the heating and cooling load of the VCR cycle was recovered through separate heat exchangers. They claimed that a maximized GOR is attained at an optimium air flowrate value. Furthermore, the results indicated that the system’s productivity was influenced by the seawater inlet temperature at the dehumidifier while the air inlet temperature had negligible affect on the performance. Further studies conducted indicated that an increase in seawater flowrate is linked with increase yield while maximum productivity is attained through an optimized air flowrate. Shafii [75] attempted to reduce the number of heat exchangers used in the HDH–REF process by replacing the conventional HDH dehumidifier with the evaporator of the VCR cycle. An increase in freshwater yield and GOR was observed at a higher relative humidity and VCR evaporator air flowrate. An increase in the ambient temperature of the system aided in attaining a higher freshwater yield, although the GOR value decreased due to the increased energy consumption of the compressor.



Table 1 summarizes the notable observation from various HDH–REF studies conducted while Table 2 is used to provide a comparison of the heating and cooling cycles used in the HDH–REF cycles.



To recapitulate, numerous studies have been dedicated to the study of the optimization of the HDH desalination system through its hybridization with refrigeration cycles, and in particular the VCR system. The VCR unit was primarily used to increase the temperature of the feedwater or air. The cooling effect of the VCR was also utilized to decrease the inlet saline water temperature for improved dehumidification and subsequently increased freshwater production. The studies were developed further to determine the best dehumidication unit for increased efficiency and performance.




5.2.2. HDH and Power Cycles


Growing population and industrialization has placed stress on water and energy demands. It has been projected that by 2050, the demand for freshwater may increase by 50% while energy demands will increase by 100% [77,78]. Scarce water resources and rapidly depleting fossil fuels have created an urgent need for the development of promising technologies that are capable of satisfying both water and energy needs globally. Humidification–dehumidification desalination paired with power cycles have been suggested for the cogeneration of freshwater and electricity.



The humidification–dehumidification power cycles (HDH–PWR) are generally driven by renewable heat sources or waste heat sources and therefore not only produce freshwater and energy but also generate low levels of pollution. Ariyanfar [79] reported that the HDH–PWR sytem provided better advantages over reverse osmosis–power hybrid systems. While limited experimental studies have been conducted on HDH–PWR systems, the theoretical works available primarily consist of the organic Rankine cycles (ORCs) as the power cycle. This is mainly because ORCs are simple and flexible in design while also providing reliable results. Furthermore, ORCs are able to utilize low-grade heat sources.



He et al. (2016) [43] studied an HDH–ORC system wherein the hot brine of the HDH cycle was used as a heat source for the ORC. It was reported that controlling parameters such as the inlet water temperature to the humidifier can optimize the performance of the system. Ariyanfar [79] conducted a thermoeconomic study of an HDH–ORC cycle. Their study analyzed the impact of various system configurations and different organic fluids on the performance of the process. It was concluded that coupling the HDH with the condenser of the ORC yielded more economical results and that n-heptane increased freshwater yield at a lower unit cost. In a similar study, He et al. [43] conducted a thermodynamic analysis of pairing the ORC condenser as the heater for the HDH cycle. They observed that freshwater yield could be increased by decreasing the pinch temperature of the ORC condesner. He et al. [43] further reported that for an HDH–ORC system, in order to boost the performance of the ORC, the brine entering the evaporator was reheated using a boiler. Moreover, the maximum efficiency and GOR was achieved as an optimal saline water to air mass flowrate ratio. Thermoeconomic results of a regenerative HDH–ORC system powered by geothermal water concluded that the ORC vapor generator displayed maximum irreversibility [70]. Besides, rasising the ORC evaporator temperature yielded beneficial thermodynamic and economical results. Studies were also conducted on a HDH–PWR system that employed a flashing Rankine system instead of an ORC and geothermal water as a heat source.



The results showed that lower temperatures of seawater and a lower temperature difference of saline water in the heat exchanger improved the performance of the process [70]. Employing a single extraction ORC with a WH–HDH process displayed an increase in freshwater productivity while net power decreased when the extracton pressure of the system was raised [71]. The advantage of this system was in the various amounts of power and water generated by controlling the extraction parameters, a benefit unseen in other HDH–PWR systems.



Sayyaadi [80] proposed coupling the HDH process with a Stirling engine (SE) [24] for the cogeneration of water and power. In this HDH–SE system, waste thermal energy from the SE was supplied to the HDH unit. The objective to optimize the HDH–SE process for maximized water productivity and power generation with minimal cost was achievd through a multi-extraction HDH–SE cycle. Furthermore, the mentioned system exhibited a reliable performance at varying salinity levels of seawater.



Among the several studies conducted on the HDH–PWR systems, varying values of freshwater productivity and power generation have been reported. An important parameter often not emphasized in these systems is the thermal efficiency, which is defined using Equation (4):


  η =    m  freshwater   .  h  fg   + W    Q  in      



(4)




where    m  freshwater     is the freshwater production rate,    h  fg     is the latent heat of evaporation of desalinated water, and W and    Q  in     are the power generated and input power, respectively.



The diverse results reported in the studies conducted on the HDH–PWR system is mainly attributed to the difference in configuration, power cycles, heat sources, and operating conditions employed in the study. Furthermore, while the HDH–PWR system has been studied from a thermo-economic standpoint, the cost of freshwater has been neglected by many [81].



Table 3 summarizes the innovations employed in the HDH–PWR cycles with the results obtained.




5.2.3. HDH and Other Systems


Research to enhance the performance of the HDH combined cycles have led to the inclusion of multi-generation systems (MGR) that are capable of not only generating freshwater and power but also provide heating or cooling loads, and in some cases the production of hydrogen. Ghaebi [82] conducted a thermo-economic analysis of an MGR system consisting of a Kalina cycle, VAR refrigeration cycle and WH–HDH process. They aimed to maximize the energy efficiency of the system while lowering the cost. They reported a maximum thermal efficiency of 94.8% and exergy efficiency of 47.8%. Sadeghi [83] investigated the thermodynamic behavior of an HDH–ORC cycle integrated with an ejector refrigeration cycle. They reported a maximum exergy efficiency of 17.1%. Although various PWR and REF cycles have been investigated for integration in HDH–MGR systems, the ORC, Kalina, and Rankine cycles were most studied. Similarly, VAR cycles were the preferred option to provide cooling in the refrigeration cycles. Furthermore, it should be highlighted that the MGR cycles are compatible with different sources of heat such as air, water, geothermal energy, and biogas.



Investigation to improve the efficiencies of the desalination process showed that combining HDH cycles with other desalination (DES) processes improved the overall productivity and efficiency of the process compared to the standalone systems. Mistry [50] conducted a theoretical analysis of an HDH–RO system with the aim of optimizing the hybrid system. They observed that coupling the HDH–thermal vapor compressor (TVC) with an RO unit provided results that outperformed the multi-stage flash (MSF) evaporator and multi-effect distillation (MED) in terms of GOR and energy consumption. Mahmoud [84] investigated the performance of the HDH system integrated with solar stills. They reported that the productivity declined with an increasing basin height and recommended modification to the hybrid system for improved performance. Integrating a flashing evaporator (FE) with the HDH system was suggested by Kabeel [85]. They claimed that the HDH–FE process paired with a solar air heater provided the most economical layout.




5.2.4. Innovations in HDH Design


Among the several innovations suggested to the HDH process, mechanical compression of vapor is perhaps the most debated of them. HDH desalination integrated with vapor compression entails humidified air to be compressed to high pressures in order to elevate its pressure and temperature. Condensation of the water vapor present in the humidified air then occurs when the compressed air is cooled by the saline feedwater. The prime disadvantage associated with the mechanical vapor compression (MVC) method is its high-power consumption. El-Dessouky and Ettouney [86] claim that the power consumption of MVC may exceed that of single-effect MVC and RO processes without proper control and management. Limited research has been conducted on the potential of the HDH–MVC integrated system; however, the unexplored potential of an HDH–MVC system is highlighted through the advantages provided by a MVC unit integrated with a multi-effect desalination (MED) unit. Therefore, the following sections are dedicated to detailing the MED process and to presenting the benefits of an MED–MVC integrated system.






6. Multi-Effect Desalination


While freshwater sources are already scarcely available, domestic, and industrial pollution of these resources has further limited their use. Moreover, there is an uneven natural distribution of freshwater sources, with most regions and countries lacking access to this. Considering the presented challenge, the desalination of sea water and brackish water is thought to be a promising solution. While desalination makes potable water accessible to all, the high energy input and in turn the high cost required by the process presents severe challenges to several regions incapable of meeting the energy or capital demands. Increased dependence on desalination technologies has also placed stress on the fossil fueled energy sector, further creating environmental concerns. It has been reported that 203 million tons of oil is required per year to generate 22 million cubic meters of desalinated water a day [87]. Rapidly depleting fossil fuel sources and growing environmental concerns have promoted the research and development of novel technologies that meet freshwater demands while minimizing its carbon footprint. The use of renewable sources of energy for desalination could potentially replace conventional desalination; however, without further technological advancement these alternatives cannot compete with the production cost of conventional methods.



Thermal desalination is known to be the preferred method of procuring freshwater in many countries and in particular regions with adequate fossil fuel reserves. The technology adopted by these regions is predominantly multi-effect desalination (MED). MED, although considered a mature technology, is still under constant development and optimization to produce clean water at a cost-efficient rate and lowered energy consumption. It has been reported that a single MED unit can generate 8 Million Imperial gallons per day [88] of freshwater while providing a gain output ratio between 8 and 16 [89]. Despite the impressive production capacity, only 9% of the registered desalination plants employ the MED technology. Figure 6 and Figure 7 serve to provide a graphical comparison of the various desalination technologies against the MED process.



Outwardly, MED appears to be deceptively simple in design with multiple effects or stages employed to attain water of increasing purity in each stage. The foremost design problem associated with the method is determining the optimal number of effects for the economical production of water. This further depends on the composition of the feedwater and the volatility of the pollutants present. The objective of the design would then be to optimize the number of effects and the temperature condition of each effect. From an economical perspective, the design influences the total annual cost (TAC) with the vessel size and heat transfer area impacting the capital investment with the energy (steam) demanded by the process affecting the operating costs. Plainly, while a larger number of effects may seem favorable to lower the energy consumption, the increase in subsequent capital investment must be considered [91]. Several studies have been conducted integrating MED technologies with other unit processes for increased optimization and pairing the MED process with a thermal vapor compression (TVC) system, claiming noticeable effectiveness and economic efficiency with an increased ease in operation and maintenance [88,89,90,91,92]. The results produced by an integrated cycle power plant with MED was analyzed by Almutairi [93]. The optimization of the operating conditions was performed in their successive study and by Hafdhi [94], to generate distillate water at a low production cost and high exergy efficiency, while Ghaebi [95] presented the cogeneration of power and potable water by integrating a MED–TVC process with a cooling unit and a gas turbine. Optimization studies to achieve the best balance between the exegetic efficiencies of the MED units and reverse osmosis (RO) systems in an integrated MED–RO process were also carried out by several researchers [96].



The prime advantage of MED units over other available thermal desalination methods is the ability of the system to use renewable sources of energy and waste heat sources for its operation [97], and several studies have been dedicated to the optimization of the MED system using renewable energy sources. Baccioli [98] employed waste heat from an organic Rankine cycle to operate a MED unit. The investigated system was reported to have a lowered payback time with an improved investment cost. Performance enhancement of the MED processes using low-temperature sources were studied by Dastgerdi [99] who later proposed three MED systems, namely, boosted MED (B–MED), flash boosted MED (FB–MED), and distributed boosted MED (DB–MED) with the DB–MED system providing superior results. Ansari [100] provided the MED–TVC unit with high temperature steam using a pressurized water reactor. They observed a decline in total capital investment cost, exergy destruction cost and water cost after economic optimization was conducted.



Although the MED technology can be integrated with low heat renewable sources of energy, their performance can be enhanced using heat pump cycles (HPC). HPC are units capable of converting a low temperature heat sink to high temperature heat sources through mechanical compression of refrigerants. The application of absorption heat pump cycles (AHPCs) with the solar based MED plants was met with positive results wherein it was claimed that the area of the solar collector could be reduced by half, in contrast to conventional solar MED processes [101]. Following the promising results from the AHPC–MED process, HPCs were applied to other desalination processes such as the humidification–dehumidification (HDH) desalination technology with appealing preliminary results when Capocelli and Esfahani [102,103] combined an AHPC–MED process with an open cycle vapor compression refrigeration system. It was reported that the system could reduce the total annual cost by 25.6% while increasing the exergy efficiency by 4.75% compared to conventional desalination systems.



Although the AHPC is a modification of the vapor compression heat pump, it displays a greater coefficient of performance [104] and lower vapor pressure. As a result, it requires lower compression power and can provide a higher supply temperature. Despite this, the VCHPs ability to use steam circulating within the cycles is linked with enhanced performance as steam can be injected or rejected as needed.



It is evident that the MED technology and its subsequent integration with other technologies have promising industrial applications with the appropriate optimization. The following section serves to highlight and review existing studies on the MED–MVC cycles, with particular emphasis on its thermo-economic results.



MED–MVC System


The MED-MVC technology is not to be thought of as a new-found technology but rather one that has been long since applied to medium-scale desalination and salt recovery [105]. Integrating the MED technology with MVC systems was claimed to provide an improved water quality. The overall process also requires compact equipment, has a low-temperature design and provides stable long-term operation. Minimal corrosion and scale formation further makes the integration favorable [106]. Despite this, the limitations of the integrated system, such as the low capacity of the MVC and the low volumetric flowrate limiting the production capacity, overshadow the advantages of the system and have prevented its application for large-scale operations [107].



The MED–MVC integrated system is a cyclic process wherein the vapor from the last stage of the MED unit is directed to the MVC through a demister to separate water and vapor. The vapor in the MVC is then compressed to the desired operating condition before using it to supply steam to the first effect of the MED. The steam supplied by the MVC condenses to distillate in the first effect of the MED tube-side. This occurs by transferring the latent heat to the saline feedwater sprayed around the tubes. A small portion of the saline feedwater then evaporates and is used as a heat source for the second MED stage. By employing the MVC unit, the vapor from the last stage of the MED unit is used as a heating source for the feedwater thereby eliminating the need of a condenser typically required in conventional MED systems. Figure 8 presents a simple schematic of an integrated MED–MCV process.



Various studies on the MVC technologies were conducted to develop steady state models that simplified the design and optimized performance. Veza [108] proposed an MVC desalination set up capable of producing 500 m3 distilled water/day while operating at a specific power consumption (SPC) of 11.5 kWh/m3. In a similar study, Lucas [109] designed an MVC desalination unit with a production capacity of 1500 m3/day and SPC of 11 kWh/m3. Both the above proposed systems were operated at a 40% water recovery. The MVC pilot plant investigated by Bahar [110] involved the use of vertical double fluted tube evaporators of 1 m3/day capacity, and a top brine temperature (TBT) of 103 °C. The highest recorded performance ratio (PR) of this system was found to be 2.52. Aly [111] analyzed the performance of a single effect MVC system producing 5 m3 distilled water/day through mathematical modelling. The steam supply was regulated using feed seawater temperature and the compressor power.



Shaffer [112] suggests the application of the MVC process beyond seawater desalination and to produced water [1] and wastewater treatment. Koren [113] employed a single effect MVC system to separate oil and water from a high salinity mixture and their system was able to achieve a production capacity of 600 m3 freshwater/day operating at a SPC of 13.6 kWh/m3. Meanwhile, Wu [104] conducted studies on a novel MVC system for sewage treatment and their design separated the evaporator and condenser in an effort to overcome the shortcomings of traditional MVC systems with a capacity of 1.44 m3/day.



According to Sharqawy [114], exergy analysis involves identifying the components in a process with the highest thermodynamic irreversibility rate. Bearing in mind the aforementioned concept, Alasfour [115] studied the steady-state model of a single effect MVC unit using the second law of thermodynamics. They observed an increase in the unit’s exergy destruction with an increase in temperature difference across the stages, while a study conducted by Jamil [116] involved an exergo-economic analysis of a forward feed MED–MVC configuration. Using the second law of efficiency, the SPC and product cost were all reported to increase as the number of stages were increased from two to six. Furthermore, the exergy destruction obtained in their configuration was far lower than those stated in the literature [117].



The variation in design of an MED–MVC system predominantly comes from the configurations of the MED unit. Elsayed [117] analyzed four configurations to determine their effect on the performance of a 4-effect MED–MVC system. The configurations considered were forward feed (FF), parallel feed (PF), backward feed (BF) and parallel/cross feed (PCF). The modelled MED–MVC design was validated against actual data obtained from plants located in Spain and India with an overall deviation within 7% in both cases [108,109,110,111,112,113,114,115,116,117,118]. To gain a comparison of the different configurations studied from an exergo-economic perspective, the first and second laws of thermodynamics were employed. Using the first law of thermodynamics it was reported that the FF and the PCF provided superior function in terms of PR and utilized less power to produce the same amount of freshwater.



Few efforts have been taken to investigate the dynamic model of the MED–MVC system. El-Khatib et al. [119] proposed to study the transient behavior of a single effect MED–MVC unit by controlling various process input and outputs. By varying the distillate flowrate and the feed flow rate, the dynamics of the vapor temperature inside the stages were analyzed; however, their results were not verified against actual data or experimental outputs. Studies conducted by Kishore et al. [118] aimed to understand the dynamic behavior of the MED–MVC unit through a simulator and they found that the load had no observable change on the system’s response. Conducting further research on the dynamic behavior of the MED–MVC process is paramount since it aids in the enhancement of the performance.



Table 4 aims to summarize the application of the MED–MVC process in various locations with their production capacity and SPC.





7. Conclusions


The various benefits of volume reduction for produced water treatment were explored. Freeze concentration, while offering a lower energy consumption compared against conventional desalination methods and a lower equipment corrosion, is often limited in commercial applications of the process due to large separation energy costs. The potential of RO systems is often limited due to extensive fouling of the membranes and integration of the RO process with appropriate pre-treatment methods has been suggested. Low-grade energy use and simple design and construction has made the HDH technology a novel PW treatment method. The process encounters slight drawbacks in terms of freshwater production, however, integration of the process with refrigeration cycles and power cycles has indisputable potential and the VCR unit is favored for the HDH–refrigeration process. A diverse range of results were obtained for the HDH–power cycles mainly due to the different configurations, heat sources and operating conditions possible; however, more insight and studies are needed to evaluate the cost of freshwater produced by the process. Finally, the mechanical vapor compression systems were reviewed with the high energy consumption of the process a prime disadvantage of the system; however, studies integrating this system with MED systems have promoted an improved exergy efficiency. Although the potential of HDH and MVC systems have been recognized by many, little to no data is available providing distinguished economic analysis for these processes. It is suggested that increasing attention to the economic aspects of the HDH and MVC processes while also focusing on the optimization of the system in terms of thermodynamics, design and performance would lead to an increase in interest of these systems not only in terms of research but also for industrial application.
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Figure 1. PW treatment methods. 
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Figure 2. Schematics of the freeze concentration process. 
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Figure 3. Reverse Osmosis process flow. 






Figure 3. Reverse Osmosis process flow.



[image: Water 14 00060 g003]







[image: Water 14 00060 g004 550] 





Figure 4. Schematic of a simple HDH desalination system. 






Figure 4. Schematic of a simple HDH desalination system.



[image: Water 14 00060 g004]







[image: Water 14 00060 g005 550] 





Figure 5. Simple HDH–REF cycle. 
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Figure 6. Desalination methods application. 






Figure 6. Desalination methods application.



[image: Water 14 00060 g006]







[image: Water 14 00060 g007 550] 





Figure 7. Global desalination technology comparison [90]. 
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Figure 8. MED–MVC process. 
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Table 1. Observations from various HDH–REF processes.
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	REF Type
	Type of Study
	Observations
	Reference





	VCR
	Theoretical
	Increased specific humidity and mass flowrate increased yield of freshwater and refrigeration capacity.

Water productivity increased upon decreasing temperature of inlet air to the evaporator.
	[66]



	VCR
	Theoretical
	Electrical consumption of auxiliary heaters could be decreased upon increasing the air temperature and decreasing the flowrate of air.

Raising the air temperature resulted in increased yield, recovery rate and power consumption.
	[67]



	VCR
	Theoretical
	Increase in air temperature and humidity along with an increase in area of the solar collector helped achieve higher freshwater yield. It also increased water recovery, power consumption and COP of the system. Temperature and humidity ratio were claimed to significantly influence the performance of the system.

For improved economic efficiency, the proposed system is suggested to be applied in hot and humid regions.
	[68]



	VAR
	Theoretical
	EUF of the system increased with higher humidifier effectiveness and hot water temperature.
	[69]



	VAR
	Experimental and Numerical
	Chilled water temperature and humid air temperature significantly influenced performance of the third dehumidifier.

Average condition air supply was reported to be 21 °C and relative humidity was at 67%.
	[76]
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Table 2. Summary of performance of various HDH–REF cycles.
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	REF Type
	HP Heating
	HP Cooling
	GOR
	Hourly Yield
	Reference





	VCR
	Seawater/Air Heater
	Seawater
	8.88
	-
	[56]



	VCR
	Seawater heater
	Brine Cooler
	5.14
	82.12 kg/h
	[70]



	VCR
	Seawater heater
	Brine Cooler
	5.28
	71.56 kg/h
	[71]



	VCR
	Seawater heater
	Brine Cooler
	9.02
	0.647 kg/s
	[72]



	VCR
	Seawater heater
	2nd stage dehumidifier
	2.05
	22.26 kg/h
	[74]
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Table 3. Summary of performance of various HDH–PWR cycles.
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	HDH Cycle Type
	Power Cycle Type
	Freshwater Yield
	Power Generated
	Reference





	CAOW-WH
	ORC
	326.52
	416.7
	[63]



	CAOW-WH
	ORC
	123
	9.72
	[64]



	CAOW-AH
	ORC
	381.66
	16.56
	[66]



	CAOW-AH/WH
	SE
	970
	2.58
	[69]
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Table 4. Summary of studies conducted on MED–MVC systems.
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	Location
	Steam

Temperature (°C)
	Production

Capacity (m3/day)
	SPC (kWh/m3)
	Energy Source





	Spain
	70
	50
	14.4
	Wind



	Germany
	70
	48
	16
	Wind



	Germany
	70
	360
	16.7
	Wind



	Italy
	63
	1600
	11.25
	Electric Motor



	Italy
	72
	3000
	8.1
	Electric Motor



	Kuwait
	70.5
	100
	16.6
	Electric Motor



	India
	65
	50
	13.6
	Electric Motor



	Singapore
	105
	1
	42
	Electric Motor



	Denmark
	80
	100
	11
	Electric Motor
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