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Abstract

:

Over recent years, the concept of waste heat recovery from the generators of wind turbines for driving a thermal-driven desalination system was introduced, and its advantages were highlighted. However, any selection of a bottoming thermal-driven desalination system among different existing technologies should be taken under consideration before making an ultimate recommendation. Unfortunately, no comprehensive comparison is available in the literature to compare the performance as well as the cost aspects of using the waste thermal energy of the generator of a wind turbine for desalinating seawater, comparing them with those of a layout where the power of the wind turbine is directly supplied to a mechanically driven desalination system for the same amount of drinkable water production. This study aims at analyzing the economic aspects of waste heat recovery from the generators of wind turbines for seawater desalination via the humidification-dehumidification (HDH) approach, versus the reverse osmosis (RO) unit. For this purpose, a closed-air water-heater HDH unit, directly coupled with a RO unit (called a hybrid HDH-RO unit) is employed, in which thermal energy is provided by the heat dissipating from the generator of the wind turbine while its power is supplied directly by the wind turbine. The energetic and exergetic performance, along with the cost aspects of a hybrid HDH-RO unit driven by the wind turbine, are compared with those of a solo RO unit. The results of the study were extended for six different types of wind turbines, and we concluded that the unit cost associated with the freshwater produced by the waste heat recovery approach is astronomically higher than that of the solo RO system for all wind turbine models, and hence is not practically feasible. It was found that more power can be recovered from the discarded brine from the solo RO unit than the hybrid HDH-RO unit. In addition, the solo RO desalination system, working directly with the power of the wind turbine, has a less complex configuration, and hence its investment cost rate is significantly lower than that needed for setting up an HDH-RO unit. At high wind speeds, however, the cost penalty associated with the freshwater produced by the HDH-RO unit decreases, but it is still huge. Among all screened wind turbines, the GW-136/4.8 is most appealing in terms of greater power generation, but its investment cost rate is the highest among all models due to its high rated power value. However, the freshwater unit cost of the GW-136/4.8 is significantly lower than the values obtained for other models. Finally, the two locations of Manjil and Zabol are selected as a benchmark and the results of the simulation are extended for these locations.
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1. Introduction


A desperate need for large-scale power supply from available or developing prime movers has been recognized as one of the top solutions to tackling power shortage or problems associated with its intermittency. One approach to building a monolithic power plant is to eliminate as much heat dissipation from different components or (in the case of the high-grade quality of this waste heat) to transmit this thermal heat to valuable by-products. By materializing such an idea, the energy conversion performance of the whole plant can be increased, extra or various by-products can be produced and stored, the unit cost associated with the main product as well as the by-product(s) can be decreased, and environmental issues arising from the deployment of this thermal heat into the surroundings can be ameliorated, to exemplify some of the benefits. Waste heat capturing from chemical/thermal processes in electrical, mechanical and petrochemical industries or plants has been discussed practically and employed in various sectors and industrial processes. Despite the widespread application of waste heat elimination via conventional processes and sources, less attention is paid to the idea of employing the same concept for recovering the heat dissipated from special sectors like the wind turbines’ cooling unit. The concept behind this idea becomes enthralling once a wind farm is ahead of the engineers. Furthermore, with recent technological advances accomplished in the design and construction of gigantic wind turbines, one can expect to have a huge amount of invaluable thermal energy dissipating from a wind turbine.



In Europe, countries like Russia have started to increase their power generation capacity since 1990, but it was slow due to the slow growth of the industrial production volume [1]. Russia has a significant wind energy technical potential—more than 60 PWh of electricity per year [1]. The regions of the Russian north, and in particular the Gulf of Ob, the Kola Peninsula and most of the coastal strip of the far east, belong to the windiest zones of the world, according to the global classification. Power generation from wind farms in Russia is currently only 148 GWh [1].



Over the course of the last decade, several studies have turned the spotlight on versatile usage of the heat dissipating from the generator (or also the gearbox) of wind turbines, via recommending various approaches for cooling down the generator inside the hub (for capturing its dissipating heat) or also via proposing different thermal-driven energy systems (for transmitting this thermal heat into other forms). Although enlarging the unit capacity of the wind turbines can be regarded as one scheme to accelerate the cooling process of the generator, it significantly increases the insulation aging, due to the increase of the inductance coil load [2]. Meanwhile, although several studies have reported satisfactory results in the cooling process of the wind turbines’ generator via liquid circulation, due to its high maintenance, simple configuration, simple monitoring processing, and low investment cost [2,3], some results substantiate the installation of auxiliary ventilation equipment [4]. Khalilzadeh and Nezhad [5] used water for cooling down the generator of an Enercon-126 wind turbine, and used the obtained thermal heat for desalinating seawater by employing a thermal-driven multi-effect distillation (MED) unit. By assuming a generator with an efficiency of 93%, they calculated waste heat rates of 122 kW, 155.3 kW, 192.16 kW, 231 kW, and 269.9 kW, and freshwater rates of 0.99 m3/h, 1.26 m3/h, 1.56 m3/h, 1.88 m3/h, and 2.2 m3/h at wind speeds of 8 m/s, 9 m/s, 10 m/s, 11 m/s, and 12 m/s, respectively. In another study and also by using oil and water in a liquid-liquid-air cooling system, Khalilzadeh and Nezhad [6] used thermal heat from the same wind turbine for trigeneration using the following bottoming cycles: an organic Rankine cycle (ORC) for power generation, an absorption chiller for cooling generation, and a heating unit for heat generation. They introduced the recovery heat exchanger (used for transferring waste heat of the wind turbine to the bottoming cycle) as the component with the highest exergy destruction, accounting for around 75% of the total exergy destruction rate. In 2014, De Risi et al. [7] recommended the use of a nanofluid (Al2O3/water) instead of pure water for enhancement of the cooling process, and later, in 2018, the idea was theoretically supported by Rostamzadeh and Rostami [8]. Accordingly, the authors used a humidification-dehumidification (HDH) desalination unit for converting the thermal waste of the wind turbine into freshwater and recommended a nanofluid of Cu/water instead of Al2O3/water. More recently, Rostamzadeh and Rostami [9] used an absorption chiller driven by the waste heat of an Enercon-70 wind turbine, and produced drinkable water and cooling for the two humid and windy regions of Kahak and Manjil in Iran. They also recommended the use of Cu/water nanofluid, and concluded that by increasing Cu concentration from 0.5% to 7%, the cooling capacity increases from 5.1 kW to 5.8 kW, the freshwater rate increases from 126.9 L/day to 144.5 L/day, and air supply increases from 9.27 m3/min to 10.56 m3/min.



Seawater desalination via renewable energy-based technologies is recognized as a viable solution to tackling the growing freshwater shortages in different spots of the globe. The feasibility of direct supply of the electrical power produced by a wind turbine to mechanical-driven desalination systems has previously been carried out and the advantages and obstacles they face have comprehensively been explained. Over the last few years, the concept of waste heat recovery from the generator of the wind turbines for driving a thermal-driven desalination system has been introduced, and its advantages highlighted. However, any selection of the bottoming thermal-driven desalination system among different existing technologies should be taken on board before proposing an ultimate recommendation. Unfortunately, no comprehensive comparison is available in the literature to compare the performance as well as the cost aspects of using waste thermal energy from the generator of a wind turbine for desalinating seawater with those of a layout where the power of the wind turbine is directly supplied to a mechanically driven desalination system for the same amount of drinkable water production.



Based on the reviewed open-source literature, it can be emphasized that capturing the waste heat of wind turbines via appropriate methods and using it for producing useful forms of energy can be regarded as a real demand. The need has previously been addressed by several authors, as reviewed in the previous paragraph. The current study aims at investigating the economic prospects of using the waste heat of the generator of various wind turbines for freshwater production instead of using a mechanically driven desalination system directly supplied by the power of a wind turbine. A reverse osmosis (RO) desalination system, driven by the power of the wind turbine, is considered as the reference system, while a hybrid HDH-RO desalination system driven by both waste heat and the power of the wind turbine is accounted for to understand the economic advantages/disadvantages of the new layout. Although the previous study has recommended the use of HDH driven by the waste heat of the generator of the wind turbine in terms of performance [8], no investigation of the economic aspects of the layout was discussed. Furthermore, the study conducted by Khalilzadeh and Nezhad [5] has not presented a comparison in terms of cost metrics between a thermal-driven MED unit and its power-driven counterpart (i.e., a MED-MVC (mechanical vapor compression) unit), and the authors have reported a relatively high freshwater cost of 23 $/m3. Although this cost is much lower than the value obtained through this study, the present investigation does not seek to scrutinize the appropriateness of employing an MED or HDH unit, since the scale and the approach accounted for regarding freshwater production by the two methods are completely different (and is out of the scope of the present study, although it will be accounted for in future studies).



In this study, as in our previous study [8], an HDH unit is used to capture the waste heat of the wind turbine’s generator for seawater desalination. Based on the results of our previous studies [8,9], Cu/water is used in the liquid-liquid cooling system of the wind turbine due to its exhibiting a high performance. The present study aims at producing more freshwater by consuming a specific portion of the power produced by the wind turbine in the desalination unit via hybridizing a RO unit with the HDH unit. That is to say, the waste brine stream exiting from the HDH unit is fed into a RO unit for more freshwater production. Due to the high salinity and temperature of the brine discarded from the HDH unit, one can surmise that, by employing the hybrid HDH-RO desalination unit, the performance of the RO unit increases while its operating cost decreases [10,11,12]. The superiorities and inferiorities of the devised layout versus the reference system (the RO unit driven by the mechanical power of the wind turbine by the direct supply of a seawater stream to the desalination unit) have comprehensively been discussed in terms of thermodynamics and thermoeconomics. Several studies have previously recommended the idea of supplying the required power of a RO unit from wind turbines in remote areas, like islands [13,14]. However, no comparison is made between these two approaches in these studies.




2. Description of Layout


The layouts of the reference system driven by direct supply of mechanical power supplied from the wind turbine and of the hybrid HDH-RO desalination unit driven by both thermal and mechanical energies of the wind turbine are displayed in Figure 1. Six different types of wind turbines are selected for this paper, in which the main geometrical and operating specifications of each case are listed in Table 1. The reference system is actually a RO desalination unit driven by the mechanical power of the wind turbine. The layout in Figure 1a is selected as a reference system to quantitatively and qualitatively measure the amount of extra freshwater produced via waste heat recovery from the generator of the wind turbine, and also to compare the cost penalty associated with capturing waste heat from the generator of the wind turbine for the same purpose when an HDH-RO system is employed. In addition, several studies have previously recommended the idea of supplying the required power of a RO unit from wind turbines in remote areas, like islands [13,14]. However, the idea of running a hybrid desalination system with both the thermal and mechanical potential of wind turbines is not accounted for yet, and hence the superiorities and inferiorities of the layout can be discerned by comparing the main performance and cost metrics with those of the reference unit.



In the hybrid HDH-RO desalination unit, the nanofluid transfers the heat discarded from the generator of the wind turbine to the heater of the HDH unit through two separate loops. The reason behind the selection of this configuration for recovering the waste heat of the wind turbine is thoroughly explored in our previous study [9]. As the HDH unit receives this heat from the heater, the hot stream warms up the cold seawater stream flowing in from the dehumidifier and directs it towards a spray process occurring between seawater and the dry air inside the humidifier. Next, due to the high salinity and temperature of the brine exiting from the humidifier, this brine is recovered for further freshwater production by directing it towards an RO unit. The brine is first pressurized to a high-pressure state via a high-pressure pump (HPP) and then is passed through a permeator (membrane of the RO unit). Finally, the high saline brine pumping out from the permeator is directed into an energy recovery turbine (ERT) for extra power generation, due to its high pressure.




3. Selection and Description of Locations


Iran is located in the Middle East and is connected to the Caspian Sea in the north and the Persian Gulf and Sea of Oman in the south. The surface area of Iran is 1,648,195 km2 (ranked as the second-largest in the Middle East and eighteenth in the world) [15]. Based on the Standardized Precipitation-Evapotranspiration Index (SPEI) reported every 10 years, the drought contour for Iran is illustrated in Figure 2. As Figure 2 shows, the majority of regions in Iran experience severe drought due to indiscriminate energy consumption, poor management, and more specifically, a lack of precipitation. The average precipitation is 250 mm/year which is significantly less than the global average (831 mm/year) [15]. In addition to the drought atlas, it is crucial to consider the wind atlas of Iran before selecting the case study locations for the devised hybrid desalination system’s working wind turbine. The wind atlas of Iran for a height of 100 m must be considered, since in the simulation a wind turbine with a GW-136/4.8 model and hub height of 86 m is selected (the nearest altitude to the height of the hub). Figure 3 displays the wind atlas of Iran. As Figure 3 indicates, the east of Iran has strong wind potential, while some parts in the north and northwest suffer from a lack of wind speed. In addition to the wind speed potential and drought, it is highly imperative to consider the seawater availability in the selection of the case study’s location, to provide ample seawater feed for the devised system. Considering all these factors on the ground, the two locations of Manjil and Zabol were chosen, to satisfy all factors simultaneously. The location of each city is presented in Figure 2 and Figure 3 with blue stars. Manjil is located in the north of Iran in the province of Gilan, at a distance of around 80 km from the Caspian Sea. The average wind speed of Manjil in the winter is 6 m/s (at an elevation of 40 m). Manjil experiences strong north winds with an average speed of approximately 14 m/s between May and September [16]. The average precipitation of Manjil is 216 mm/year, while the average precipitation of Gilan province is 1048 mm/year [17]. Zabol lies on the east of Iran and north of Sistan-Baloochestan province, and borders Afghanistan. Due to the dry and hot climate of Zabol, with long summers, the city suffers from a severe lack of drinkable water for most days of the year. The annually averaged wind speed of Zabol is about 7.5 m/s, where the wind intensity is high from April to October. In addition, the average precipitation of Zabol is about 70 mm/year, which is extremely low compared to that of the whole country (250 mm/year). Currently, Zabol is facing drinkable water shortages due to the lack of precipitation as well as the high salinity of groundwater. The geographical coordinates of the selected cities are presented in Table 2.




4. Materials and Methods


4.1. Effective Thermophysical Properties of Nanofluid


The method behind the calculation of effective thermal and fluid properties of Cu/water nanofluid is explained comprehensively in our previous study [9], and hence only a brief description is appended below. The effective density, specific heat capacity at constant pressure, dynamic viscosity, and thermal conductivity of the Cu/water nanofluid are calculated in terms of the corresponding properties of the nanoparticle and base fluid, respectively, as:


   ρ  n f   =  (  1 − ϕ  )  .  ρ  b f   + ϕ .  ρ  n p    



(1)






   c  p , n f   =    (  1 − ϕ  )  .  ρ  b f      ρ  n f     .  c  p , b f   +   ϕ .  ρ  n p      ρ  n f     .  c  p , n p      



(2)






   μ  n f   =  μ  b f   .  (  1 + 2.5 × ϕ + 6.5 ×  ϕ 2   )   



(3)






   k  n f   =  k  b f      k  n p   + 2 ×  k  b f   + 2 ×  (   k  n p   −  k  b f    )     (  1 + β  )   3  ϕ    k  n p   + 2 ×  k  b f   −  (   k  n p   −  k  b f    )     (  1 + β  )   3  ϕ     ,     β = 0.1  



(4)








4.2. Wind Turbine Modeling


In this section, a brief description of the mathematical relations needed for modeling the wind turbine is presented, and a full description can be found in our previous study [9]. A wind turbine can generate electrical power depending on the magnitude of the wind speed, as:


    W ˙   W T   =  {      0 ,                           f o r       u <  u c        a + b  u k  ,                     f o r        u c  ≤ u <  u r            W ˙   r , W T   ,                           f o r        u r  ≤ u <  u f        0 ,                       f o r       u ≥  u r         



(5)




where:


  a =     W ˙   r , W T    u c k     u c k  −  u r k     



(6)






  b =     W ˙   r , W T      u r k  −  u c k     



(7)




where the Weibull shape index (k) and the Weibull scale index (c) are computed, respectively, as:


  k = 0.94  u   



(8)






  c =  u  Γ  (  1 + 1 / k  )     



(9)







In Equation (9),  Γ  is the gamma function:


  Γ  ( y )  =   ∫  0 ∞   e  − x    x  y − 1   d x    



(10)







The Weibull distribution method is used to measure the average wind speed as:


    W ˙   a v g , W T   =   ∫  0 ∞    W ˙   r , W T   f  ( u )  d u  



(11)




where:


  f  ( u )  =  k c     (   k c   )    k − 1   e x p  [  −    (   u c   )   k   ]  ,              (  k > 0 ,   u > 0 ,   c > 1  )   



(12)







Equation (11) is finally expressed as:


    W ˙   a v g , W T   =   W ˙   r , W T    {    e x p  [  −    (   u c  / c  )   k   ]  − e x p  [  −    (   u r  / c  )   k   ]       (   u r  / c  )   k  −    (   u c  / c  )   k    − e x p  [  −    (     u f   c   )   k   ]       }   



(13)







By neglecting the amount of heat wasted by the gearbox, the total amount of the heat wasted by the operation of the direct generator is accounted for as follows:


    Q ˙   W H   =  (  1 −  η  g e a r    )   (  1 −  η  G e n    )    W ˙   a v g , W T    



(14)







Hence, the net power generated by the wind turbine can be calculated:


    W ˙   n e t , W T   =   W ˙   a v g , W T   −   Q ˙   W H    



(15)








4.3. RO Unit Modeling


For the RO desalination unit, the same mathematical relations used by Nafey and Sharaf [19] are used here. The accuracy of these mathematical relations has previously been demonstrated in our previous study [20], and hence presenting its validation stage is excluded here for the sake of brevity. The main equations used to calculate the main performance and parameters of the RO unit are listed in Table 3.




4.4. Thermodynamic Assumptions and Input Data


A thermodynamic code working at steady state conditions is developed using EES (engineering equation solver) software to precede the evaluation process. Pre-defined flow property functions available in the software are used for this aim. To calculate the thermophysical and thermodynamic properties of seawater, add-on library functions available in the software are used. In addition, to conduct an economic analysis of the heat exchangers and dehumidifiers, the overall heat transfer coefficient of each heat exchanger is needed, which is calculated based on the same approach explained in our previous works [9,21]. For the RHX and heater, a shell-and-tube heat exchanger is designed, while for the dehumidifier, a compact heat exchanger, model “fc_tubes_sCF-88-10Jb”, is used. The geometrical specifications, input data, and outputs resulting from the design process of each heat exchanger are appended in Appendix A. No pressure drop is accounted for in the pipes and heat exchanger since the maximal pressure drop (for all streams of nanofluid, seawater, and air) is designed to be less than 10% of the inlet pressure. Both streams of nanofluid at each loop are set at a turbulent regime in order to have a high cooling rate. The seawater entering the devised layout, as well as the reference system, is in the ambient state. The RHX is located inside the cabinet of the wind turbine, and hence the pressure inside the pipes carrying the nanofluid under this condition is given as    P 0  +  ρ  n f   g  h  h u b    . Due to the relatively long distances that the nanofluid experiences between the heater and RHX, the heat transferred to the heater from the RHX is expressed as proportional to the effectiveness of the RHX, i.e.,     Q ˙  H  =  ε  R H X     Q ˙   R H X    . Due to the small concentration of the nanoparticles, the standard chemical exergy of the nanofluid is estimated in terms of the standard chemical exergy of the base fluid (water). The standard chemical exergy of water is assumed as 45 kJ/kmol [22], while for the seawater, the pre-defined exergy function (available in EES software), including both physical and chemical components, is used. The main thermodynamic data required for a complete simulation of the devised layout are listed in Table 4.




4.5. Thermodynamic Modeling


The main balance equations for thermodynamic evaluation of a defined control volume under steady state condition are presented below [22]:



Mass balance:


    ∑       m ˙   i n   =   ∑       m ˙   o u t    



(31)







Salinity balance:


    ∑        (   m ˙  S  )    i n   =   ∑        (   m ˙  S  )    o u t    



(32)







Energy balance:


    ∑       Q ˙   i n   −   ∑       Q ˙   o u t   =   ∑        (   m ˙  h  )    i n   −   ∑       (  m ˙  h )   o u t   +  W ˙   



(33)







Regarding the second law of thermodynamics, a specific portion of the input exergy value is destroyed as follows [22]:


      E x  ˙    D , i   =   ∑   i = 1  n      E x  ˙    i n , i   −   ∑   i = 1  n      E x  ˙    o u t , i    



(34)




or, in terms of exergy rate of fuel, product, destruction, and loss, Equation (34) can be re-expressed as:


      E x  ˙    D , i   =     E x  ˙    F u , i   −     E x  ˙    P r , i   −     E x  ˙    L , i    



(35)







In the bottoming sub-systems (i.e., HDH unit, RO unit, or other embedded components for waste heat recovery of the generator of the wind turbine), due to the negligible amounts of kinetic and potential rates of exergy, the exergy rate of the ith stream is obtained from the sum of chemical and physical exergy rates as follows [22]:


   E ˙   x i  =  E ˙   x  p h , i   +  E ˙   x  c h , i    



(36)




where:


   E ˙   x  p h , i   =   m ˙  i   (   h i  −  h 0  −  T 0   (   s i  −  s 0   )   )   



(37)






      E x  ˙    c h , i   =  m ˙   (   [    e  x  c h , a  0     M a     ]   X  a , i   +  [    e  x  c h , b  0     M b     ]   (  1 −  X  a , i    )   )   



(38)







For nanofluid, Equation (37) can be re-expressed as follows [23]:


      E x  ˙    p h , i   =   m ˙  i   c  p , n f    (   T i  −  T 0  −  T 0  l n  (   T i  /  T 0   )   )   



(39)







The specific exergy associated with the humid air is calculated as [24]:


      e  x  d a   =  (   c  p , a   + ω  c  p , v    )   T 0   (   T   T 0    − 1 − l n  T   T 0     )  +  (  1 + 1.608 ω  )   R a   T 0  l n  P   P 0          +  R a   T 0   [   (  1 + 1.608 ω  )  l n   1 + 1.608  ω 0    1 + 1.608 ω   + 1.608 ω l n  ω   ω 0     ]       



(40)




where:


  ω =     m ˙  v      m ˙  a     



(41)







In Equation (40), the air pressure and temperature are changing with velocity if there is a kinetic gradient (like the air stream passing through the wind turbine) as:


  P =  P 0  ±   ρ  u 2   2     



(42)






  T = 35.74 + 0.6215 ×  T  a i r   − 35.75 ×  u  0.16   + 0.4274 ×  T  a i r   ×  u  0.16    



(43)







In Equation (43),    T  a i r     should be expressed in  ℉ .



For examining the exergy of components, exergy efficiency (ratio of the exergy rate of product to the total supplied exergy) is specified as:


   η  e x , i     =    E ˙   x  P r , i         E x  ˙    F u , i        



(44)







The main thermodynamic relations, relying on the first and second laws of thermodynamics, for each component are presented in Table 5.




4.6. Thermoeconomic Modeling


As in our previous study [9], the main input cost data for a complete cost analysis are:




	
The annual number of operations is assumed as 6750 h.



	
The maintenance factor is assumed as 1.06.



	
The salvage percentage is assumed at 15%.



	
The interest rate is 10%.



	
The expected life of components is assumed as 15 years.



	
The electricity produced by the wind turbine is sold based on the price given by the Iranian Renewable Energy and Energy Efficiency Organization (SATBA), which is 0.044 USD/kWh.



	
The electricity price used for producing freshwater and also for supplying pumps consumption power is the same as the electricity unit cost of the wind turbine (since the same power is directed to the desalination unit and pumps).








In the economic modeling of the wind turbine coupled with the bottoming systems, it is assumed that the bottoming system is added to the installed wind turbine, and hence the steam produced by circulating water to the generator of the wind turbine in practice is independent of the capital cost of the wind turbine. As a result, only the operating and maintenance cost of the wind turbine and generator of the wind turbine are accounted for in the cost balance of these two components.



Based on the cost balance equation, the sum of cost rates of the work (    C ˙     w , i    ) and outlet stream (   ∑    C ˙   o u t , i    ) is equal to the sum of cost rates of heat transfer (    C ˙     q , i    ), inlet stream (   ∑    C ˙   i n , i    ), operating and maintenance (    Z ˙   O M    ), and capital cost (    Z ˙   C C    ). It should be noted that the sum of the operation and maintenance and capital cost rates are considered as the total cost rate of components [22].


   ∑    C ˙   w , i   +   C ˙   o u t , i   =  ∑    C ˙   q , i   +   C ˙   i n ,   i   +   Z ˙   t o t   O M   +   Z ˙   t o t   C C    



(45)






    Z ˙  i  =   Z ˙  i  O M   +   Z ˙  i  C C    



(46)




where:


    C ˙   w , i   =  c  w , i       E x  ˙    W , i             C ˙   o u t , i   =  c  o u t , i       E x  ˙    o u t , i                     C ˙   q , i   =  c  q , i    E ˙   x  q , i                   C ˙   i n , i   =  c  i n , i    E ˙   x  i n , i    



(47)







In the above equations,    c  w , i   ,  c  o u t , i   ,  c  q , i     and      c  i n , i     are the cost per exergy unit adapted to the input work, outlet flow, heat transfer, and inlet flow of the ith constituent, respectively. The cost balance relation may also be written as [22]:


    C ˙   P r , i   +   C ˙   L , i   =   C ˙   F u , i   +   Z ˙  i  C I   +   Z ˙  i  O M    



(48)







The destruction cost rate for each component is articulated by expending the fuel unit cost to express the price behind the exergy destruction rate as [22]:


    C ˙   D , i   =  c  F u , i       E x  ˙    D , i                    (  I f :      E ˙   x  P r , i   = C o n s t a n t  )     



(49)







The levelized cost rate is calculated from Equation (50):


    Z ˙  i  = C R F ×    ϕ r   N  × P  W i   



(50)




where the capital recovery factor is denoted as below:


  C R F =    i r     (  1 +  i r   )     n r         (  1 +  i r   )     n r    − 1    



(51)







In Equation (50),   P  W i    is found by:


  P  W i  =  Z i  − S  V i  × P W F  



(52)




where   P W F   is the present worth factor and   S  V i    is the salvage value, both computed respectively as:


  P W F =  1     (  1 +  i r   )     n r         



(53)






  S  V i  = λ ×  Z i   



(54)







To accurately calculate the cost indicators, the equipment cost must be updated using the chemical engineering plant cost index (CEPCI), which is defined as the cost index for the present year to the reference year as follows:


    Z ˙   i , P Y   =   Z ˙  i  ×   C  I  @ 2020     C  I  @ R Y      



(55)







The main exergoeconomic relations for each component are presented in Table 6. The procedure and relations used to calculate the investment cost of different elements of the wind turbine are reported in [9].




4.7. Main Performance and Cost Metrics


The total freshwater rate (    m ˙   f w , t o t    ) is the summation of the water distilled by the HDH and RO units:


    m ˙   f w , t o t   =   m ˙   10   +   m ˙   12   =   m ˙   10   ( 1 +  m  r , R O / H D H   )  



(56)




where    m  r , R O / H D H     is the ratio of the distilled water rate produced by the RO unit to that produced by the HDH unit:


   m  r , R O / H D H   =     m ˙   12       m ˙   10        



(57)







SWP (specific work production) of the hybrid WT/HDH-RO system is defined as:


  S W  P  s y s   =     W ˙   n e t       m ˙   f w , t o t      



(58)




where     W ˙   n e t     is the net electricity and can be articulated as:


    W ˙   n e t   =   W ˙   n e t , W T   +   W ˙   E R T   −   W ˙   p u m   −   W ˙   H P P    



(59)







SWC (specific work consumption) of the hybrid HDH-RO setup is defined as:


  S W  C  H D H − R O   =     W ˙   H P P   +   W ˙   p u m   +  η  e l e     Q ˙   W H   −   W ˙   E R T       m ˙   f w , t o t      



(60)




where    η  e l e     is the electrical conversion efficiency and is assumed as 1/3 [29].



Another important parameter in the hybrid HDH-RO unit is the air productivity ratio (APR) which is defined as follows [30]:


  A P  R  H D H − R O   =     m ˙   f w , t o t       m ˙   d a    ω  H u m , o u t      



(61)







The exergy efficiency of the whole setup is defined as:


   η  e x , t o t   =       E x  ˙    10   +     E x  ˙    12   +   W ˙   n e t         E x  ˙    a i r , i n   −     E x  ˙    a i r , o u t      



(62)







The unit costs of the freshwater produced by the HDH and RO units in $/m3 are defined, respectively, as:


   c  f w , H D H   =     C ˙   10       m ˙   10      



(63)






   c  f w , R O   =     C ˙   12       m ˙   12        



(64)







In Equations (63) and (64),     m ˙   10     and     m ˙   12     are expressed in m3/h.



The total unit cost associated with the freshwater is finally calculated by:


   c  f w , t o t   =  c  f w , H D H   +  c  f w , R O    



(65)







The total unit cost of the product (TUCP) for the whole setup is defined as:


  T U C P =     C ˙   w , n e t   +   C ˙   10   +   C ˙   12       W ˙   n e t   +     E x  ˙    10   +     E x  ˙    12      



(66)




where     C ˙   w , n e t     is the cost rate of the net electricity (    C ˙   w , n e t   =  c  e l e c     W ˙   n e t    ,    c  e l e c   = 0.044    $  / kWh  ).



The exergoeconomic factor defined for the whole control volume is calculated in order to know the dominant role of the investment cost or the cost rate associated with the exergy destruction or loss in lowering the total operation cost as:


   f  t o t   =     Z ˙   t o t       Z ˙   t o t   +   C ˙   D , t o t   +   C ˙   L , t o t      



(67)









5. Results and Discussion


This section is split into two independent sub-sections, each of which pursues a different aim. First, a complete comparative study between the two layouts, described in Figure 1a,b in terms of performance (i.e., energy and exergy) and cost for different wind turbines and wind speeds, is presented, and the cost penalty associated with the freshwater produced by the hybrid HDH-RO unit is specified and analyzed. The high unit cost of the freshwater produced by thermal heat negates the viability of waste heat extraction for seawater desalination via the humidification-dehumidification approach for nearly all screened wind turbines, in spite of the positive factors identified in previous studies. Later, a complete parametric study is carried out on the basis of varying input data (set in Table 4) in order to have a better understanding of the scale of improvement or degradation in the main pre-defined metrics defined in Equations (56)–(67).



5.1. Model Comparison for Different Wind Turbine Models


Table 7 lists the results of the performance and cost evaluation of the HDH-RO unit driven by both thermal energy and power from different wind turbines, and compares these results with those obtained by the simulation of an RO unit under a constant net power fed to the RO module (    W ˙   H P P   −   W ˙   E R T    ). These quantitative results are extended to different wind speeds (   u w  = 7 ,   8 ,   9 ,   10 ,   11 ,   and   12   m / s  ).



According to Table 7, under a constant net electrical power supplied to both hybrid HDH-RO and solo RO units, the net power computed for the WT/RO system is higher than that obtained for the WT/HDH-RO system (although the amount of difference is small). This is mainly because of the fact that once we use a hybrid HDH-RO desalination system instead of the RO unit, the amount of power recovered by the ERT decreases. In contrast, and as expected, the amount of the total freshwater rate of the HDH-RO desalination unit for all wind turbine models and at all investigated wind speeds is larger than that produced by the RO unit. In addition, in all wind turbine models and at all wind speeds, the SWP of the system of the WT/RO unit is higher than the value computed for the WT/HDH-RO unit, indicating that once only an RO is coupled with a wind turbine by supplying more power than the given amount in the table, it can produce more fresh water, and hence the freshwater deficit associated with the solo RO system driven by the wind turbine can not only be compensated, but also it can be much higher than the freshwater distilled by the HDH-RO unit. Furthermore, the total exergy destruction rate of the HDH-RO unit is lower than the value obtained for the RO unit, although this improvement in the overall exergy destruction by the use of an HDH-RO unit is small (since the main source of exergy destruction here is the wind turbine), and hence the total exergy efficiency is the same for both systems under the specified constant conditions (i.e., the same wind speed, net supply power to the RO unit, and wind turbine model). Hence, capturing waste heat from the generator of the wind turbine to drive an HDH unit is not meaningfully a matter of interest in terms of the second law of thermodynamics. A more significant remark with regard to the quantitative results presented in Table 7 can be the difference of the cost metrics between the two systems in all investigated scenarios. It can be stated that all cost metrics, including the freshwater unit cost, investment cost rate, and TUCP are degraded hugely when the waste heat of the wind turbine is used for freshwater production. Therefore, the present results criticize the emerging recommendation about the use of waste heat of the wind turbine via employing a liquid-liquid cooling technique for freshwater production when an HDH unit is used. This high cost penalty can be reasoned out by the high unit cost of the steam produced as a result of passing the water through the generator of the wind turbine for obtaining high-temperature steam while cooling down the generator, which is itself costly because of the high operating and maintenance cost of the wind turbine. The freshwater unit cost associated with the HDH unit is astronomical compared to that of the RO sub-unit (the RO module in the HDH-RO unit), and even worse, it is astronomical compared to the freshwater unit cost of the solo RO unit. In addition, the solo RO desalination system, working directly with the power of the wind turbine, has a less complex configuration, and hence its investment cost rate is significantly lower than that needed for setting an HDH-RO unit.



More detailed information, as reported in Table 7, can be highlighted through a comparison between various conditions. Accordingly, as the wind speed increases and the scale of power and freshwater production increases, the unit cost associated with the freshwater and TUCP decreases; hence, the cost benefits of waste heat recovery become evident, although the cost is still high. It seems that among all screened wind turbines, the GW-136/4.8 is more appealing in terms of generating more power, but its investment cost rate is the highest among all models due to its high rated power value (the total investment cost excludes the capital cost rate of the wind turbine). However, the freshwater unit cost of the GW-136/4.8 is significantly lower than the values obtained for other models. However, when the GW-136/4.8 model was used in the simulation, the total freshwater capacity was lower than in other cases; it should be noted that surplus power generation via wind turbine is actually compensating for this apparent shortcoming, and hence, much more freshwater can be produced by increasing the input electrical power of the RO unit or by employing additional RO modules. Hence, the present study recommends the GW-136/4.8 wind turbine model, and the parametric study is carried out for this type.




5.2. Parametric Study


In the previous sub-section, the inferiorities and superiorities of the hybrid HDH-RO unit driven by various wind turbines were discussed, as well as in what way utilizing waste heat from the generator of a wind turbine for seawater desalination under the designed condition is economical. In this part, a parametric study is conducted to identify how the performance and cost metrics of the WT/HDH-RO unit can deteriorate or improve by re-adjusting the assumed input data. For this purpose, a GW-136/4.5 wind turbine model is selected, and analysis is conducted for this model. The main input data affecting the design condition around the basic points are the wind speed, desalination flow ratio, humidifier and dehumidifier effectiveness, desalination top temperature, and the TTD of the heater.



Figure 4 displays the altering trend of total freshwater rate, RO-to-HDH distilled water ratio, the unit cost of freshwater produced by the HDH sub-unit and RO sub-unit, APR, net power, SWP of the system, SWC of the hybrid unit, total exergy efficiency, the unit cost of total freshwater, TUCP, and total exergoeconomic factor with wind speed. According to Figure 4, although more freshwater is produced as the wind speed rises (since more power is supplied to the RO unit and more heat, dissipating from the generator of the wind turbine, is captured by the HDH unit), the ratio of the freshwater produced by the HDH system to that produced by the RO unit remains unchanged. This is simply because of the linear proportionality assumption made between the power and the waste heat in the applied model. In addition, the wind turbine operates at a constant maximal speed (and hence the same capacity) at wind speeds higher than the rated speed, and hence, freshwater capacity does not rise thereafter. Thus, the maximum freshwater capacity that can be obtained during the operation of the GW-136/4.5 is 4.025 m3/h. It is accepted that the unit cost associated with freshwater produced by the HDH and RO units decreases with the rise of the wind speed, since the capacity of the operating wind turbine increases, and hence it is more economical to use mechanical or thermal energies produced by the wind turbine for freshwater production at large capacities. However, the most critical point is the quantitative distribution of the unit cost between the distilled water produced by the direct supply of mechanical energy from the wind turbine and the waste heat dissipating from the generator of the wind turbine. According to Figure 4b, the cost of the freshwater produced by the HDH unit is inordinately higher than that produced by the RO unit. As a result, although the total freshwater rate produced through the operation of the HDH-RO unit is higher than that produced by installing a solo RO unit (as discussed in Table 7), the freshwater produced by capturing the waste heat of the generator of the wind turbine is substantially more expensive than when the power of the wind turbine is directly supplied to a mechanical desalination unit (here, an RO unit). Hence, although the idea of seawater desalination via capturing waste thermal energy of the generator of the wind turbine sounds interesting, and is explored in previous studies [5,8], no comparison is made between the unit cost of freshwater produced by each method, and the previous conclusions achieved through the analysis were incomplete. It should be noted that this conclusion is achieved with the use of a liquid-liquid cooling unit employed on the generator, and any other consideration in terms of the cooling technique might result in a less inordinate cost difference. The high unit cost of freshwater produced by the HDH unit is mainly due to the high unit cost of the steam produced after cooling down the generator, although here it is assumed that the wind turbine setup has previously been established, and the bottoming components are added on (i.e., no capital cost is considered in the cost balance equation of the wind turbine and generator, and as a result, the obtained unit cost for the steam is vastly lower when the full investment cost is accounted for).



The results expressed in Figure 4 also reveal that the total exergy efficiency has reached a peak at a specific wind speed value. Quantitatively speaking, the total exergy efficiency has reached its maximum value of 32.49% at uw = 9.85 m/s. The results of varying the exergy efficiency with the wind speed also show that the setup reveals high second-law performance at low wind speeds despite the fact that the freshwater capacity and its cost have deteriorated at this condition. That is, there is a conflicting trend between the first- and second-law metrics, or between the second-law and cost metrics, versus any change in the wind speed.



As seen earlier, the unit cost of the freshwater obtained by delivering the thermal energy of the generator of the wind turbine to the HDH unit was substantially higher than that produced by the direct supply of power to the RO unit. By accounting for the cost associated with the generated power along with the freshwater cost, one can define a single cost metric for the whole set-up, which is TUCP, as defined by Equation (66). According to the altering trend of TUCP with the wind speed, it can be stated that the TUCP can reach its minimum value of 9.47 $/GJ at a wind speed of 10.43 m/s. The wind speed at which the TUCP reaches minimum is the beginning of the point where the total freshwater cost is less affected by the wind speed (as two plots in Figure 4f show), and hence the rise in the net power cost shows its dominant effect hereafter on the TUCP.



A complete cost analysis of an energy system should reveal the products’ operating cost, along with the investment cost and the cost penalty associated with the destruction, and losses occurring within the system. The varying trend of operating costs of the proposed system with wind speed was studied by introducing TUCP, or total freshwater cost. However, to have a thorough cost evaluation we have presented a variation trend of the investment cost rate and the exergoeconomic factor with the wind speed. We should reiterate that the initial capital cost of the wind turbine is not included in the total investment cost (as we have assumed that the wind turbine is previously installed). A high investment cost at high wind speed values is evident, since the scale of the required components (such as heat or mass exchangers) increases, but it remains constant for the wind speeds higher than the rated value since the capacity is unchanged. Furthermore, the significant impact of the investment cost relative to the cost rate associated with exergy destruction and loss decreases as the wind speed rises. However, it should be stated that even at low wind speeds, the value of the exergoeconomic factor is still below 50%, and hence lowering the total cost of the plant via managing the cost penalty associated with exergy destruction and loss of the system is still the top priority.



Figure 5 displays the altering trend of the total freshwater rate, RO-to-HDH distilled water ratio, unit cost of freshwater produced by the HDH sub-unit and RO sub-unit, APR, net power, SWP, SWC of the hybrid desalination unit, exergy efficiency, the unit cost of total freshwater, TUCP, and total exergoeconomic factor, with a desalination flow ratio at three different dehumidifier efficiencies of 0.7, 0.85, and 1. According to Figure 5, for each dehumidifier effectiveness level, the total freshwater rate has reached its peak value at different desalination flow ratios. In addition, as reported in previous similar studies that have investigated the effects of the dehumidifier effectiveness and desalination flow ratio on the freshwater capacity [8,31,32], this maximal freshwater capacity occurs at a higher desalination flow ratio as the dehumidifier effectiveness increases. Once the freshwater capacity increases with the rise of the desalination flow ratio at    ε  D h u m   = 1   up to the peak, the freshwater rate also slightly decreases thereafter, indicating the fact that setting the desalination flow ratio beyond the optimal value is advisable, since it provides rather a conservative result and the desalination capacity is less affected by any unintentional maladjustment of the optimal point in the real operation scenario. Furthermore, the results portrayed in Figure 5a indicate that increasing the dehumidifier effectiveness (with the same increment step) from 0.85 to 1 is more effective than when it is increased from 0.7 to 0.85, especially when    m  r , d   > 2  .



The contribution of each desalination sub-unit to the total freshwater capacity at different quantitative values of the desalination flow ratio, and three dehumidifier effectivenesses of 0.7, 0.85, and 1, is expressed in Figure 5b. As Figure 5b reveals, the contribution of the freshwater produced by the RO module relative to that produced by the HDH unit has its lowest amount around the optimal desalination flow ratio (where the total freshwater rate is maximal). It should be emphasized that the freshwater produced by each unit has a maximum point relative to the desalination flow ratio near the same optimal desalination flow ratio. However, the freshwater produced by the HDH unit hugely affects the RO-to-HDH flow ratio, due to its high varying rate.



To understand how the unit cost of the freshwater produced by each desalination unit is affected through varying the desalination flow ratio and the dehumidifier effectiveness, please see Figure 5c,d. First and foremost, a comparison between the unit cost of the freshwater produced via each unit substantiates the previous concluding remark about the high cost of the freshwater of the HDH unit compared to the RO unit. The aggregated unit cost of the freshwater (Figure 5k) shows a similar trend of change to each individual unit cost, due to the same varying behavior of both parameters, and its quantitative value is very similar to that of the HDH unit, due to its dominant cost.



With the rise of the desalination flow ratio, the humidity of the humidified air leaving the humidifier increases, while the dry air mass flow rate decreases substantially. By considering the rise in the freshwater rate at low desalination flow ratios and the drop in the freshwater rate at high desalination flow ratios, via increasing the desalination flow ratio along with the decrease in the dry air flow rate, through this change, it can be declared that the APR of the hybrid HDH-RO unit increases considerably and continuously at low dehumidifier effectiveness, and its increment rate decreases at higher dehumidifier effectiveness. That is, at    ε  D h u m   = 1   the APR increases with the rise of the desalination flow ratio at lower desalination flow ratio values, while it slightly decreases and remains nearly constant thereafter.



Three additional significant metrics, including of the net power, SWC of the hybrid HDH-RO desalination unit, and SWP of the whole setup, are also included here, and their varying trend with the change of the desalination flow ratio and dehumidifier effectiveness is plotted in Figure 5f–h, respectively. On this basis, since the power produced by the wind turbine is constant and independent of any change in the desalination flow ratio and dehumidifier effectiveness, only the power recovered by the ERT is changing. Accordingly, the power produced by the ERT has a maximum value with the change of the desalination flow ratio and increases as the dehumidifier effectiveness increases. As a result, it affects the net power inversely, and hence the net power will have a minimum point versus a broad change of the desalination flow ratio, where the severity of the drop in the net power at lower desalination flow ratios and higher dehumidifier effectiveness is relatively high, although the scale of the power recovered by the ERT is meaningfully smaller than the power generated by the wind turbine. Due to the direct relationship of the SWP to the net power and inverse relationship with the total freshwater rate, the SWP of the system will be affected in the same direction from both of these influential parameters, and hence its altering trend versus the desalination flow ratio and dehumidifier effectiveness will resemble that of the net power. The same altering trend is predictable for the SWC of the hybrid HDH-RO desalination system, since it is inversely affected by the total freshwater rate and the ERT power.



According to the altering trend of TUCP with the desalination flow ratio at different values of dehumidifier effectiveness, it can be stated that the TUCP can reach its maximum value at    ε  D h u m   = 0.7   and   0.85  , while increasing at two different increment rates at    ε  D h u m   = 1  . Therefore, by operating the HDH unit with a low desalination flow ratio, one can considerably lower the TUCP, although lowering the dehumidifier effectiveness to pursue lowering the TUCP is effective as well. However, there is a conflicting trend of interest in the TUCP, and the unit cost associated with total freshwater, in terms of selecting the ultimate values of dehumidifier effectiveness or the desalination flow ratio that must be taken into account prior to the final decision. Since the altering trend of the unit cost of the total freshwater rate is hugely affected by the desalination flow ratio as well as the dehumidifier effectiveness, its varying trend can be prioritized over the TUCP in the ultimate design stage. The exergoeconomic factor, defined as the ratio of the investment cost rate to the cost rate associated with exergy destruction and loss, as well as the investment cost rate, has reached a peak value as its varying tendency with the desalination flow ratio is investigated. It should be stated that through the range of the investigated parameters, the value of the exergoeconomic factor is still below 50%, and hence, lowering the total cost of the plant via lowering the cost penalty associated with the destruction and losses of the exergy of the system is still the top priority. Since the operating and maintenance cost of the wind turbine (as the topping system) remains unchanged with the change of the desalination flow ratio or the dehumidifier effectiveness, the exergoeconomic factor changes slightly through this alteration and cannot be lowered significantly with each of these two design parameters.



Figure 6 displays the altering trend of the total freshwater rate, RO-to-HDH distilled water ratio, unit cost of freshwater produced by the HDH sub-unit and RO sub-unit, APR, net power, SWP, SWC of the hybrid unit, the unit cost of total freshwater, TUCP, and total exergoeconomic factor, with a desalination flow ratio at three different humidifier effectiveness levels of 0.7, 0.85, and 1. The variation trend of the exergy efficiency is excluded here, due to its very slight change.



According to Figure 6, for each humidifier effectiveness, the total freshwater rate has reached its peak value at different desalination flow ratios. As also reported in previous similar studies investigating the influence of humidifier effectiveness and desalination flow ratio on the freshwater capacity [8,31,32], this maximal freshwater capacity occurs at higher desalination flow ratios as the humidifier effectiveness increases. In addition, as has been demonstrated in these studies [8,31,32], once we compare the results of Figure 5a and Figure 6a, it can be stated that the influence of the dehumidifier effectiveness on the freshwater capacity is more meaningful than that of the humidifier effectiveness. The altering trend of all metrics versus the humidifier effectiveness is the same as the dehumidifier effectiveness, for nearly the same reasons which were explained previously, except for the following differences. In contrast to the observation that the freshwater capacity slightly decreased with the rise of the desalination flow ratio at    ε  D h u m   = 1   from the maximal point thereafter, here it has dropped significantly, like the varying trend observed at lower humidifier effectiveness levels. Furthermore, despite the different increment/decrement rate seen in Figure 5a for different values of dehumidifier effectiveness, Figure 6a shows that increasing the humidifier effectiveness (with the same increment step) from 0.85 to 1 has the same effect when it is increased from 0.7 to 0.85. Hence, the altering shape of the total freshwater rate with desalination flow ratio is independent of the humidifier effectiveness. In addition, in contrast to the results captured in Figure 5e, Figure 6e indicates that the variation of the APR with the desalination flow ratio at all humidifier effectiveness levels is similar, with nearly the same varying slope but with an up- or downward shift relative to each other. Hence, the altering shape of the APR with the desalination flow ratio is independent of the humidifier effectiveness. In addition, as Figure 5k indicated, the TUCP reached its maximum value at    ε  D h u m   = 0.7   and   0.85  , while it increased by two different increment rates at    ε  D h u m   = 1  . However, here the alteration pattern of the TUCP with the desalination flow ratio is the same for all three investigated humidifier effectiveness levels.



Figure 7 displays the altering trend of the total freshwater rate, RO-to-HDH distilled water ratio, unit cost of freshwater produced by the HDH sub-unit and RO sub-unit, APR, net power, SWP, SWC of the hybrid unit, unit cost of total freshwater, TUCP, and total exergoeconomic factor with desalination top temperature at four different TTDs of the heater at 5, 10, 15, and 20 K. The altering trend of the total exergy efficiency is excluded here, due to its constant trend with the TTD of the heater and the desalination top temperature. According to Figure 7, the total freshwater rate increases with the drop of the desalination top temperature or TTD of the heater. It should be noted that at low values of the TTD of the heater, the amount of fresh water can be enhanced more significantly than is the case when the system works at higher TTDs of the heater. That is, when decreasing the TTD of the heater with a constant decrement step of 5 K, decreasing from 10 K to 5 K is more effective than when it is decreased from 20 K to 15 K, especially at lower desalination top temperatures.



The contribution of each desalination sub-unit to total freshwater capacity at different quantitative values of the desalination top temperature and four TTDs of the heater of 5 K, 10 K, 15 K, and 20 K is expressed in Figure 7b. As Figure 7b reveals, varying the TTD of the heater makes no contribution to the proportion of the freshwater produced by the RO module, relative to that produced by the HDH unit. The RO-to-HDH freshwater ratio only decreases with the rise of the desalination top temperature, since the contribution of the HDH unit at a high scale of the operating temperature will obviously increase its role in the total freshwater rate.



To understand how the unit cost of the freshwater produced by each desalination unit is affected through varying the desalination top temperature and the TTD of the heater, please see Figure 7c,d. First and foremost, a comparison between the unit cost of the freshwater produced via each unit substantiates the previously made concluding remark about the high cost of the freshwater of the HDH unit compared to the RO unit. In addition, by setting the operating desalination top temperature at higher values, one can expect to lower the high unit cost of freshwater of the HDH unit relative to that of the RO unit, although it is still high and is not economical. The aggregated unit cost of the freshwater (Figure 7i) shows a similar trend of change to the unit cost of the freshwater of the HDH unit, due to the dominant role of this element.



With the rise of the desalination top temperature, the humidity of the air leaving the humidifier increases, while the dry air mass flow rate decreases substantially. By considering the drop in the freshwater rate and the dry air mass flow with the rise of the desalination top temperature, it can be stated that the APR of the hybrid HDH-RO unit will decrease continuously. Regarding the altering trend of the net power, since the power produced by the wind turbine is constant with the change of the desalination top temperature and the TTD of the heater, only the power produced by the ERT meaningfully decreases (although the power consumed by the pump is decreasing as well) with the rise of the desalination top temperature or TTD of the heater. Therefore, the net power will increase with the rise of the desalination top temperature or TTD of the heater. It should be noted that at low values of TTD of the heater the amount of the net power can be enhanced more significantly than the case when the system works at a higher TTD of the heater. That is, increasing the TTD of the heater with a constant increment step of 5 K from 5 K to 10 K is more effective than when it is increased from 15 K to 20 K.



Due to the direct relationship of the SWP with the net power, and its inverse relationship with the total freshwater rate, the SWP of the system will be affected in the same direction from both of these influential parameters, and hence, its altering trend versus those of the desalination top temperature and TTD of the heater will resemble that of the net power. The same altering trend is predictable for the SWC of the hybrid HDH-RO desalination system, since it is inversely affected by the total freshwater rate and the ERT power, and hence, both SWP and SWC will increase with the rise of the desalination top temperature and TTD of the heater.



According to the altering trend of TUCP with the desalination top temperature at different values of the TTD of the heater, it can be stated that the TUCP decreases with the rise of the desalination top temperature. Meanwhile, the TUCP first increases as the TTD of the heater increases from 5 K to 10 K, and hence decreases as the TTD of the heater increases from 10 K to 20 K. Therefore, there is a conflicting trend of interest in the TUCP and the unit cost associated with total freshwater in terms of selecting the ultimate values of the TTD of the heater, which must be taken into account prior to the final decision. Since the altering trend of the unit cost of the total freshwater rate is hugely affected by the TTD of the heater, its varying trend can be prioritized over the TUCP in the ultimate design stage. The exergoeconomic factor increases with the rise of the desalination top temperature, while it is increased as the TTD of the heater increases from 5 K to 10 K, and hence is decreased as the TTD of the heater increases from 10 K to 20 K. It should be stated that through the range of these two investigated parameters (i.e.,    T 8    and   T T  D H   ), the value of the exergoeconomic factor is still below 50%, and hence, lowering the cost penalty associated with the destruction and losses of the exergy of the system is still the top priority.




5.3. Waste Heat Recovery from an Installed or a New Wind Turbine


As mentioned earlier, the economic modeling of the devised hybrid HDH-RO desalination system driven by the waste heat and electrical power of the wind turbine was carried out under the key assumption that the wind turbine setup exists previously, and hence, only the operating and maintenance cost of the wind turbine is accounted for in the cost balance equations of the wind turbine and its generator. This assumption is drawn mainly because of the fact that waste heat recovery from the generator of the wind turbine is practically feasible only when the wind turbine has been installed previously, and hence its capital cost rate does not affect the unit cost of the steam produced by the generator. Once the capital cost rate is also included in the cost balance equations of the wind turbine and its generator, it is seen that the unit cost of this steam is irrationally surged and leads to astronomical cost metrics. This part is set to calculate the ultimate cost metrics of the hybrid WT/HDH-RO system at various wind speeds, when the capital cost is included in the cost balance equations.



According to Figure 8, it can be stated that all cost metrics of the system with the inclusion of the capital cost of the wind turbine and its generator are higher than when only the operating and maintenance cost of the wind turbine setup was considered, as expected before. More specifically, for wind speeds lower than around 10 m/s, the unit cost of the freshwater produced by the HDH unit, RO unit, and the summation of these two streams is significantly high for the case when the capital cost of the wind turbine and its generator is included, which makes theoretical results less rational. Therefore, in spite of previous cost modeling [5,6,8,9] which has accounted for capital cost in the exergoeconomic balance equations, it seems that such deliberation leads to inaccurate cost assessment from the wind turbine waste heat recovery concept.




5.4. Case Study


Figure 9 portrays the monthly averaged meteorology data for a representative day for both cities of Manjil and Zabol. Based upon the extracted data in the presented form, the results of the simulation are extended through this representative day, and the results are portrayed in Figure 10. It should be noted that the wind turbine virtually shuts down at velocities below the cut-in speed and does not achieve speeds higher than the rated speed.



Figure 10 presents the monthly total freshwater rate, net power, SWC of the hybrid HDH-RO unit, exergy efficiency, unit cost of the total freshwater rate, and TUCP values for the two locations of Manjil and Zabol. According to Figure 10a,b, in Manjil, more freshwater and power are produced from June to September, while in Zabol, the rate of freshwater and net power in July and August are high. In all investigated scenarios, the rate of freshwater produced by the HDH-RO unit is higher than that produced by the reference system.



The amount of net electricity produced in June to September (in Manjil) and July and August (in Zabol) is the same because in some cases the average wind speed (at z = 86 m) is higher than the rated wind speed of the wind turbine, and hence the wind turbine works at a constant capacity. As a result, the SWC value in June to September (in Manjil) and July and August (in Zabol) is at the lowest value (Figure 10c). The results of the second-law analysis reveal that, for the Zabol city, the exergy efficiency of the HDH-RO and solo RO units in June and July is considerably high, while, for the Manjil city, the highest amount of the exergy efficiency for both HDH-RO and solo RO units occurs in September.



Figure 10e,f reveals quantitative values for the unit cost of freshwater and TUCP for both hybrid and reference systems. Accordingly, the lowest TUCP and unit cost of freshwater for Manjil occurred in September, while the highest value occurred in May. For Zabol, the lowest TUCP and unit cost of freshwater occurred in July, while the highest value occurred in May.





6. Conclusions


In this study, an HDH unit was used to capture the waste heat of the generators of various wind turbine models for seawater desalination. Cu/water was used in the liquid-liquid cooling system of the wind turbine, and the waste brine stream exiting from the HDH unit was fed into a RO unit for more freshwater production. The superiorities and inferiorities of the devised layout versus the RO unit were comprehensively discussed in terms of thermodynamics and thermoeconomics. The study explicitly criticized the economic aspect of waste heat recovery from the generator of the wind turbine for seawater desalination via HDH, versus the RO unit, due to the following reasons: (i) it was found that more power can be recovered from the discarded brine from the solo RO unit than the hybrid HDH-RO unit, (ii) the solo RO desalination system, working directly with the power of the wind turbine, has a less complex configuration, and hence its investment cost rate was remarkably lower than that needed for setting an HDH-RO unit, and (iii) the unit cost associated with the freshwater produced by the HDH unit was astronomical when it was compared with that of the RO unit.



Among all screened wind turbines, the GW-136/4.8 was recommended, due to greater power generation, but its investment cost rate was high. However, the freshwater unit cost of the GW-136/4.8 was significantly lower than the values obtained for other models. The maximum freshwater capacity during the operation of the GW-136/4.5 was 4.025 m3/h. The total exergy efficiency had reached its maximum value of 32.49% at uw = 9.85 m/s, while the TUCP reached its minimum value of 9.47 $/GJ at a wind speed of 10.43 m/s. The results of varying the exergy efficiency with the wind speed also demonstrated that the set-up reveals a high second-law performance at low wind speeds, despite the fact that the freshwater capacity and its cost deteriorated under these conditions. In all investigated conditions, the value of the exergoeconomic factor was below 50%, and hence, lowering the total cost of the plant via managing the cost penalty associated with exergy destruction and the loss of the system is the top priority.



In addition, there is a conflicting trend of interest in the TUCP and the unit cost associated with total freshwater, in terms of selecting the ultimate values of dehumidifier effectiveness or the desalination flow ratio, which must be taken into account prior to the final decision. The TUCP reached its maximum value at    ε  D h u m   = 0.7   and   0.85  , while it increased with two different increment rates at    ε  D h u m   = 1  . However, when varying the humidifier effectiveness, the alteration pattern of the TUCP with the desalination flow ratio is the same for all three investigated humidifier effectiveness levels, and it demonstrates a peak point.



At low values of the TTD of the heater, the amount of fresh water can be enhanced more significantly than is the case when the system works at the higher TTDs of the heater. There was a conflicting trend of interest in the TUCP and the unit cost associated with total freshwater, in terms of selecting the ultimate values of the TTD of the heater, which must be taken into account prior to the final decision. Since the altering trend of the unit cost of the total freshwater rate is hugely affected by the TTD of the heater, its varying trend can be prioritized over the TUCP in the final design stage.
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Nomenclature










	Symbols
	
	Greek Symbols
	



	  A  
	   Area    (   m 2   )    
	ω
	Humidity ratio



	    A s    
	   Swept   area    (   m 2   )    
	ε
	Effectiveness



	APR
	Air productivity ratio
	η
	Efficiency (%)



	  B  
	Baffle spacing (m)
	ϕ
	Nanoparticle concentration



	C
	Clearance spacing (m)
	μ
	Viscosity (Pa.s)



	c
	  Scale   parameter / cost   per   exergy   unit   ( $ .   kWh   − 1    )
	ρ
	   Density    (  kg .  m  − 3    )    



	   C ˙   
	  Cos t   rate   ( $ .  h  − 1    )
	Γ
	Gamma function



	    c p    
	   Specific   heat   at   constant   pressure    (  kJ .   kg   − 1   .  K  − 1    )    
	  φ  
	  Relative   humidity   ( kg .   kg   − 1    )



	CEPCI
	Chemical Engineering Plant Cost Index
	    ϕ r    
	Maintenance factor



	CRF
	Capital recovery factor
	λ
	Salvage percentage (%)



	D/d
	Diameter (m)
	δ
	Ratio of nanolayer thickness to original particle thickness



	ex
	   Specific   exergy    (  kJ .   kg   − 1    )    
	
	



	    E ˙  x   
	   Exergy   rate    (  kW  )    
	Subscripts and superscripts
	



	fk
	Exergoeconomic factor (%)
	air/a
	Air



	   f  ( u )    
	Weibull distribution function
	avg
	Average



	   F  ( u )    
	Cumulative distribution function
	bf
	Base fluid



	FF
	Fouling factor
	c
	Cut-in/Cold-side flow



	  G  
	   Mass   velocity    (  kg .  s  − 1   .  m  − 2    )    
	ch
	Chemical



	H
	Height (m)
	CI
	Capital investment



	h
	  Specific   enthalpy    (  kJ .   kg   − 1    )     / Convective   coefficient   ( kW .  m  − 2    K  − 1    )
	col
	Column



	    h  h u b     
	Height of the wind turbine’s hub (m)
	c.v.
	Control volume



	    i r    
	Interest rate
	D
	Destruction



	k
	   Shape   parameter / Thermal   conductivity    (  W .  m  − 1   .  K  − 1    )    
	d
	Dewpoint



	  L  
	Length (m)
	da
	Dry air



	   m ˙   
	   Mass   flow   rate    (  kg .  s  − 1    )    
	Dhum
	Dhumidifier



	M
	   Molar   mass    (  kg .   kmol   − 1    )    
	e
	Element



	mr
	Desalination flow ratio
	elec
	Electrical



	N
	Annual number of hours (h)
	en
	Energy



	    N e    
	Number of elements
	ERT
	Energy recovery turbine



	    N p    
	Number of tube passes
	ex
	Exergy



	    N  p v     
	Number of pressure vessels
	f
	Furling/fresh



	    N t    
	Number of tubes
	Fu
	Fuel



	nr
	   Components ’   expected   life    (  year  )    
	fw
	Freshwater



	P
	   Pressure    (  bar  )    
	gear
	Gearbox



	    p  f i n     
	  Fin   pitch   (  m  − 1    )
	Gen
	Generator



	    P T    
	Pitch size (m)
	H
	Heater



	PW
	Present factor ($)
	h
	Hot-side flow



	PWF
	Present worth factor
	HDH
	Humidification-dehumidification



	    R  a i r     
	   Ideal   gas   constant   of   air    (  kJ .   kmol   − 1   .  K  − 1    )    
	HPP
	High pressure pump



	    R r    
	Wind turbine’s rotor radius (m)
	Hum
	Humidifier



	rk
	Relative cost difference (%)
	i
	inner



	Re
	Reynolds number
	id
	ideal



	S
	Salinity (g.kg−1)
	in
	Inlet



	s
	   Specific   entropy    (  kJ .   kg   − 1   .  K  − 1    )    
	
	



	SR
	Salt rejection
	is
	Isentropic



	SV
	Salvage value ($)
	k
	kth component



	SWC
	   Specific   work   consumption    (  kWh .  m  − 3    )    
	L
	Loss



	SWP
	   Specific   work   production    (  kWh .  m  − 3    )    
	m
	Mainframe (in WT)/Mean value



	T
	   Temperature    ( K )    
	net
	Net value



	   t  h  f i n     
	Fin thickness (m)
	nf
	Nanofluid



	TTD
	   Terminal   temperature   difference  ( K )    
	np
	Nanoparticle



	TUCP
	   Total   unit   cost   of   product    (  $ .   GJ   − 1    )    
	o
	Outer



	U
	  Overall   heat   transfer   coefficient   ( kW .  m  − 2    K  − 1    )
	OM
	Operating & maintenance



	  u  
	   Wind   velocity    (  m .  s  − 1    )    
	out
	Outlet



	W
	Width (m)
	ph
	Physical



	   W ˙   
	   Power    (  kW  )    
	Pr
	Product



	     W ˙  r    
	   Nominal / Rated   power    (  kW  )    
	pum
	Pump



	     W ˙   a v g     
	   Average   power    (  kW  )    
	q
	Heat



	Z
	Total capital investment cost ($)
	r
	Rated



	z
	Height (m)
	RHX
	Recovery heat exchanger



	   Z ˙   
	  Investment   cost   rate   of   components   ( $ .  h  − 1    )
	RO
	Reverse osmossis



	
	
	tot
	Total



	Acronyms
	
	v
	Vapor



	ERT
	Energy recovery turbine
	w
	Work/Wind



	   HDH   
	Humidification-dehumidification
	WH
	Waste heat



	HPP
	High-pressure pump
	WT
	Wind turbine



	RHX
	Recovery heat exchanger
	1, 2, …
	Cycle locations



	RO
	Reverse osmosis
	0
	Dead state



	   TTD   
	Terminal temperature difference
	
	



	   WT   
	Wind turbine
	
	








Appendix A. Heat Exchanger Modeling


In this study, the same approach and assumptions that are used in our previous investigations to design a shell-and-tube or a compact one-air-side heat exchanger are used here [9,21]. The only difference is in the use of different geometrical specifications to satisfy the design criteria. The pressure drop at each side of the heat exchanger is restricted to 10% of the pressure of the corresponding inlet stream or even lower. Using the compact heat exchanger add-on library module, available in the EES software, a compact finned circular tube of the type ‘fc_tubes_sCF-88-10Jb’ was selected and designed for the dehumidifier. The side and frontal views of the designed dehumidifier are displayed in Figure A1. The main geometrical specifications required for a complete design of each heat exchanger are listed in Table A1.
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Figure A1. Side and frontal views of a compact finned circular tube type ‘fc_tubes_sCF-88-10Jb’ used in the design process of a dehumidifier. 
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Table A1. Main specifications of each heat exchanger.






Table A1. Main specifications of each heat exchanger.





	
Heat Exchanger

	
Parameter

	
Value




	
RHX

	
Heater






	
Shell-and-tube

	
   Shell   inner   diameter ,    D  s h      ( m )    

	
0.38735

	
0.38735




	
   Number   of   tubes ,    N t    

	
170

	
170




	
   Tube   outer   diameter ,    d o     ( m )    

	
0.01905

	
0.01905




	
   Tube   inner   diameter ,    d i     ( m )    

	
0.01524

	
0.01524




	
   Baffel   spacing ,   B    ( m )    

	
0.23241

	
0.23241




	
   Pitch   size ,    p t     ( m )    

	
0.02381

	
0.02381




	
   Number   of   tube   passes ,    N p    

	
1

	
1




	
   Maximum   tube   length ,    L  m a x      ( m )    

	
37

	
5




	
Dehumidifier

	
   Fin   pitch ,    p  f i n      (   m  − 1    )    

	
346




	
   Fin   thickness ,   t  h  f i n      ( m )    

	
   0.305 ×   10   − 3     




	
   Tube   outer   diameter ,    D  o u t      ( m )    

	
0.02601




	
Hydraulic diameter,    D  h      ( m )   

	
0.01321




	
Fin area/total area

	
0.825




	
   Minimum   free   flow   area / frontal   area ,   σ   

	
0.642




	
   Heat   transfer   area / total   volume ,   α    (   m 2  /  m 3   )    

	
191




	
   Wall   thickness   of   tube ,   t  h t     ( m )    

	
   1.5 ×   10   − 3     




	
   Length   of   dehumidifier   in   air   direction ,    L  D h u m      ( m )    

	
0.07818




	
   Hieght   of   dehumidifier ,    H  D h u m      ( m )    

	
0.1048




	
   Number   of   tubes ’   rows ,    N  t , r o w     

	
2




	
   Number   of   tubes ’   columns ,    N  t , c o l     

	
1




	
   Roughness   of   the   inner   surface   of   the   tube ,    e t     ( m )    

	
0.000001




	
   Width   of   dehumidifier ,    W  D h u m      ( m )    

	
0.225
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Figure 1. Layouts of the reference system (a), and the hybrid HDH-RO desalination system (b), both driven by a wind turbine. 
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Figure 2. Drought atlas of Iran based on SPEI in a 10-year period [17]. 
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Figure 3. Wind atlas of Iran at 100 m [18]. 
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Figure 4. Effects of wind speed on total freshwater rate and mass flow ratio of RO/HDH (a), unit cost of freshwater produced by HDH and RO units (b), net power and APR of hybrid HDH-RO unit (c), SWP of system and SWC of RO (d), total exergy efficiency and exergy efficiency of HDH-RO unit (e), TUCP and unit cost of total freshwater (f), and total investment cost and total exergoeconomic factor (g). 
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Figure 5. Effects of desalination flow ratio at different dehumidifier effectiveness levels (0.7, 0.85, and 1) on the total freshwater rate (a), mass flow ratio of RO/HDH (b), unit cost of freshwater produced by HDH unit (c), unit cost of freshwater produced by RO unit (d), APR of hybrid HDH-RO unit (e), net power (f), SWP of system (g), SWC of RO (h), total exergy efficiency (i), unit cost of total freshwater (j), TUCP (k), and total exergoeconomic factor (l). 
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Figure 6. Effects of desalination flow ratio at different humidifier effectiveness levels (0.7, 0.85, and 1) on the total freshwater rate (a), mass flow ratio of RO/HDH (b), unit cost of freshwater produced by the HDH unit (c), unit cost of freshwater produced by the RO unit (d), APR of hybrid HDH-RO unit (e), net power (f), SWP of the system (g), SWC of RO (h), unit cost of total freshwater (i), TUCP (j), and total exergoeconomic factor (k). 
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Figure 7. Effects of desalination top temperature at different TTDs of the heater (5, 10, 15, and 20 K) on the total freshwater rate (a), mass flow ratio of RO/HDH (b), unit cost of freshwater produced by HDH unit (c), unit cost of freshwater produced by RO unit (d), APR of hybrid HDH-RO unit (e), net power (f), SWP of the system (g), SWC of RO (h), unit cost of total freshwater (i), TUCP (j), and total exergoeconomic factor (k). 






Figure 7. Effects of desalination top temperature at different TTDs of the heater (5, 10, 15, and 20 K) on the total freshwater rate (a), mass flow ratio of RO/HDH (b), unit cost of freshwater produced by HDH unit (c), unit cost of freshwater produced by RO unit (d), APR of hybrid HDH-RO unit (e), net power (f), SWP of the system (g), SWC of RO (h), unit cost of total freshwater (i), TUCP (j), and total exergoeconomic factor (k).



[image: Sustainability 13 07571 g007a][image: Sustainability 13 07571 g007b]







[image: Sustainability 13 07571 g008a 550][image: Sustainability 13 07571 g008b 550] 





Figure 8. Variation of the unit cost of freshwater produced by HDH unit (a), unit cost of freshwater produced by RO unit (b), unit cost of total freshwater (c), TUCP (d), investment cost (e), and total exergoeconomic factor (f) at various wind speeds when the capital cost of the wind turbine is and is not accounted for. 
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Figure 9. Monthly averaged meteorological data for Manjil and Zabol cities at 6 p.m.: wind speed (a), ambient temperature (b), and relative humidity (c). 
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Figure 10. Monthly values of the total freshwater rate (a), net power (b), SWC of HDH-RO (c), exergy efficiency (d), unit cost of total freshwater (e), and TUCP (f). 
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Table 1. Main specifications of the screened wind turbines.






Table 1. Main specifications of the screened wind turbines.





	Wind Turbine Models
	Rated Power (kW)
	    Cut - in   Wind   Speed   (  m s  )    
	    Rated   Wind   Speed   (  m s  )    
	    Cut - Out   Wind   Speed   (  m s  )    
	    Swept   Area   (  m 2  )    
	Diameter (m)
	Hub Height (m)





	Enercon 101 E2 (E-101/3.5)
	3500
	2
	15
	25
	8012
	101
	74



	Vensys 115 (V-115/4.1)
	4100
	3
	13.5
	25
	10,378
	115
	72.5



	Gamesa 128 (G-128/4.5)
	4500
	1
	12
	27
	12,868
	128
	81



	Goldwind 136 (GW-136/4.8)
	4800
	2.5
	11.2
	26
	14,526
	136
	86



	Eno energy 114 (Eno-114/4.8)
	4800
	3
	14
	25
	10,369
	114.9
	92



	Adwen 5-116 (AD-5-116/5)
	5000
	4
	12.5
	25
	10,568
	116
	92
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Table 2. Geographical coordinates of selected cities.






Table 2. Geographical coordinates of selected cities.





	City
	Latitude
	Longitude
	Altitude (m)





	Manjil
	36°44′
	49°24′
	310



	Zabol
	31°01′
	61°30′
	485
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Table 3. Main mathematical relations used in modeling the RO unit [19].






Table 3. Main mathematical relations used in modeling the RO unit [19].





	LHS * Parameter
	Equation
	Equation No.





	   Feed   mass   flow   rate   (  m 3  / h )   
	     m ˙  f  =     m ˙  d    R R     
	(16)



	   Distillate   product   salt   concentration   (  g  kg   )   
	    S d  =  S f  ×  (  1 − S R  )    
	(17)



	   Rejected   brine   (  m 3  / h )   
	     m ˙  b  =   m ˙  f  −   m ˙  d    
	(18)



	   Rejected   salt   concentration   (  g  kg   )   
	    S b  =     m ˙  f  ×  S f  −   m ˙  d  ×  S d      m ˙  b      
	(19)



	Temperature correction factor
	   T C F = e x p  (  2700 ×  (   1  273 +  T  R O     −  1   T 0     )   )    
	(20)



	Membrane water permeability
	    k w  = 6.84 ×   10   − 8   ×  (  18.6865 −  (  0.177 ×  S b   )   )  /  (   T  R O   + 273  )    
	(21)



	Osmotic pressure for feed side (kPa)
	    Π f  = 75.84 ×  S f    
	(22)



	Osmotic pressure for brine side (kPa)
	    Π b  = 75.84 ×  S b    
	(23)



	Osmotic pressure for distilled product side (kPa)
	    Π d  = 75.84 ×  S d    
	(24)



	Average osmotic pressure on the feed side (kPa)
	    Π  a v   = 0.5 ×  (   Π f  +  Π b   )    
	(25)



	Net osmotic pressure across the membrane (kPa)
	   Δ  Π  9 − 11   =  Π  a v   −  Π d    
	(26)



	Net osmotic pressure between brine and feed sides (kPa)
	   Δ  Π  13 − 11   =  Π b  −  Π  a v     
	(27)



	Net pressure difference between brine and feed sides (kPa)
	   Δ  P  13 − 11   =  (     M d    3600 × T C F × F F ×  A e  ×  n e  ×  n v  ×  k w     )  + Δ  Π  13 − 11     
	(28)



	Net pressure difference across the membrane (kPa)
	   Δ  P  9 − 11   =  (     M d    3600 × T C F × F F ×  A e  ×  N e  ×  N  p v   ×  k w     )  + Δ  Π  9 − 11     
	(29)



	  Required   input   power   ( kW  )
	     W ˙   H P P   =  (    1000 ×  M f  × Δ  P  9 − 11     3600 ×  ρ f  ×  η  i s , p u m      )    
	(30)







* LHS: Left hand side.
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Table 4. Required input parameters for thermodynamic simulation of the HDH-RO system.
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Parameter

	
Value






	
   Reference   temperature ,    T 0   ( K )    

	
298.1




	
   Reference   pressure ,    P 0   (  bar  )    

	
1.01




	
   Reference   relative   humidity ,   φ  ( % )    

	
1




	
  Reference   salinity   of   seawater ,   ( g . k  g  − 1    )

	
35




	
HDH unit




	
   Terminal   temperature   difference   of   heater ,   T T  D H   (  =  T 2  −  T 7   )     ( K )    

	
15




	
   Desalination   top   temperature ,    T 8   ( K )    

	
353.15




	
   Pump   isentropic   efficiency ,    η  i s ,       p u m    ( % )    

	
85




	
   Humidifier / Dehumidifier   effectiveness ,    ε  H u m   o r   D h u m    ( % )    

	
85




	
   Dry   air   relative   humidity ,   φ  ( % )    

	
90




	
   Desalination   flow   ratio ,    m  r , d     

	
2.5




	
RO unit




	
   Fouling   factor ,   F  F  R O     

	
0.85




	
   Salt   rejection   percentage ,   S  R  R O     

	
1




	
   Number   of   pressure   vessels ,    N  p v     

	
42




	
   Number   of   elements ,    N e    

	
7




	
   Element   area ,    A e     (   m 2   )    

	
35.4




	
   Recovery   Ratio ,   R  R  R O     

	
0.3




	
WT set-up




	
  Average   wind   speed ,   ( m .  s  − 1    )

	
8




	
   Air   relative   humidity ,   φ  ( % )    

	
65




	
   TTD   of   RHX ,   T T  D  R H X    (  =  T  15   −  T 3   )     ( K )    

	
2




	
Reynolds number on tube-side of RHX

	
2300




	
Reynolds number of shell-side of RHX

	
3500




	
   Generator   efficiency ,    η  G e n    ( % )    

	
93




	
   Reference   height ,    ( m )    

	
10




	
   Volume   fraction   of   nanoparticle ,   ϕ  ( % )    

	
5




	
  Nanoparticle   density ,    ρ  C u   ( k g .  m  − 3    )

	
8933




	
  Heat   capacity   of   nanoparticle ,    c  p , C u   ( k J .  g  − 1   .  K  − 1    )

	
0.385




	
  Thermal   conductivity   of   nanoparticle ,    k  C u   ( W .  m  − 1   .  K  − 1    )

	
401
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Table 5. Mass, energy, and exergy balance equations of the devised HDH-RO system.
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Component

	
Mass Balance Equation

	
Energy Balance Equation

	
Exergy Balance Equations




	
        E x  ˙    F u , i      

	
        E x  ˙    P r , i      






	
Wind turbine

	
     m ˙   15   =   m ˙   16     

	
    Q ˙   W H   =   m ˙   15    c  p , n f    (   T  16   −  T  15    )   

and See Section 4.2.

	
       E x  ˙    w i n d , i n   −     E x  ˙    w i n d , o u t     

	
     W ˙   n e t , W T   +     E x  ˙    16   −     E x  ˙    15     




	
Pump

	
     m ˙  2  =   m ˙  3    

	
     W ˙   p u m   =   m ˙  2   c  p , n f    (   T 3  −  T 2   )    

    η  i s , p u m   =    h  3 , i s   −  h 2     h 3  −  h 2      

	
     W ˙   p u m     

	
       E x  ˙   3  −     E x  ˙   2    




	
RHX

	
     m ˙  1  =   m ˙  3    

	
     Q ˙   R H X   =   m ˙  1   c  p , n f    (   T 1  −  T 3   )    

	
       E x  ˙    16   −     E x  ˙    15     

	
       E x  ˙   1  −     E x  ˙   3    




	
Heater

	
     m ˙  1  =   m ˙  2    

     m ˙  7  =   m ˙  8    

	
     Q ˙  H  =  ε H  ×   Q ˙   W H     

    ε H  =    T 1  −  T 2     T 1  −  T 7      

	
       E x  ˙   1  −     E x  ˙   2    

	
       E x  ˙   8  −     E x  ˙   7    




	
Humidifier

	
    m ˙  9  =   m ˙  6  −   m ˙   10    ,

    m ˙  4  =   m ˙   d a   ×  (  1 +  ω 4   )   

	
     m ˙  8   h 8  +   m ˙  4   h 4  =   m ˙  9   h 9  +   m ˙  5   h 5    

    ε  H u m   = m a x 〈  (     h 5  −  h 4     h  5 , i d e a l   −  h 4     )  ,  (     h 8  −  h 9     h 8  −  h  9 , i d e a l      ) 〉    

	
       E x  ˙   8  −     E x  ˙   9    

	
       E x  ˙   5  −     E x  ˙   4    




	
Dehumidifier

	
    m ˙   10   =   m ˙   d a   ×  (   ω 5  −  ω 4   )   ,

    m ˙  5  =   m ˙   d a   ×  (  1 +  ω 5   )   

	
     m ˙  5   h 5  +   m ˙  6   h 6  =   m ˙  4   h 4  +   m ˙  7   h 7  +   m ˙   10    h  10     

    ε  D h u m   = m a x  〈 (     h 7  −  h 6     h  7 , i d e a l   −  h 6     )  ,  (     h 5  −  h 4     h 5  −  h  4 , i d e a l      ) 〉    

	
       E x  ˙   5  −     E x  ˙   4    

	
       E x  ˙   7  −     E x  ˙   6  +     E x  ˙    10     




	
HPP

	
     m ˙  9  =   m ˙   11     

	
See Table 3

	
     W ˙   H P P     

	
       E x  ˙    11   −     E x  ˙   9    




	
RO Permeator

	
     m ˙   11   =   m ˙   12   +   m ˙   13     

	
See Table 3

	
       E x  ˙    11     

	
       E x  ˙    12   +     E x  ˙    13     




	
ERT

	
     m ˙   13   =   m ˙   14     

	
     W ˙   E R T   =   m ˙   13    (   h  13   −  h  14    )    

	
       E x  ˙    13   −     E x  ˙    14     

	
     W ˙   E R T     
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Table 6. Cost balance equations, auxiliary equations, and purchase cost functions for different components of the hybrid HDH-RO system.
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	Component
	Cost Balance Equation
	Auxiliary Equations
	Purchase Cost Function





	Wind turbine
	     Z ˙   W T   O M   +   C ˙   w i n d , i n   =   C ˙   w i n d , o u t   +   C ˙   w , W T     
	       C ˙   w i n d , i n         E x  ˙    w i n d , i n     =     C ˙   w i n d , o u t         E x  ˙    w i n d , o u t       

       C ˙   w , W T       W ˙   n e t , W T     =  c  e l e c     
	See Ref. [9]



	Generator
	     Z ˙   G e n   O M   +   C ˙   15   =   C ˙   16     
	-
	   Z  G e n   = 219.33  (    C E P C  I  2020     C E P C  I  2005      )    W ˙   r , W T     [9]



	Pump
	     Z ˙   p u m   +   C ˙  2  +   C ˙   p u m   =   C ˙  3    
	       C ˙   p u m       W ˙   p u m     =  c  e l e c     
	  log  (   Z  p u m    (    C E P C  I  2001     C E P C  I  2020      )   )  = 3.8696 + 0.3161 × log  (    W ˙   p u m    )  + 0.122 ×    (  log  (    W ˙   p u m    )   )   2    [25]



	RHX
	     Z ˙   R H X   +   C ˙   16   +   C ˙  3  =   C ˙  1  +   C ˙   15     
	       C ˙   15         E x  ˙    15     =     C ˙   16         E x  ˙    16       
	   Z  R H X   =  (    C E P C  I  2020     C E P C  I  1986      )   (  30,800 + 750 ×  A  R H X      0.81    )    [26]



	Heater
	     Z ˙  H  +   C ˙  1  +   C ˙  7  =   C ˙  2  +   C ˙  8    
	       C ˙  1        E x  ˙   1    =     C ˙  2        E x  ˙   2      
	   Z H  =  (    C E P C  I  2020     C E P C  I  1986      )   (  30,800 + 750 ×  A H     0.81    )    [26]



	Humidifier
	     Z ˙   H u m   +   C ˙  8  +   C ˙  4  =   C ˙  5  +   C ˙  9    
	       C ˙  8        E x  ˙   8    =     C ˙  9        E x  ˙   9      
	   Z  H u m   = 746.749  (    C E P C  I  2020     C E P C  I  1989      )   (    m ˙  8     0.79   × R  1  0.57   × A  1  − 0.9924   ×    (  0.022  (   T  w b 5   − 273.15  )  + 0.39  )    2.447    )     R 1 =  T 8  −  T 9  ;     A 1 =  T 8  −  T  w b 5     [27]



	Dehumidifier
	     Z ˙   D h u m   +   C ˙  5  +   C ˙  6  =   C ˙  4  +   C ˙  7  +   C ˙   10     
	       C ˙  4        E x  ˙   4    =     C ˙  5        E x  ˙   5      

       C ˙  4  −   C ˙  6        E x  ˙   4  −     E x  ˙   6    =     C ˙  7  −   C ˙  6        E x  ˙   7  −     E x  ˙   6    ,   

       C ˙  6        E x  ˙   6    = 0   
	  log  (   Z  D h u m    (    C E P C  I  1998     C E P C  I  2020      )   )  = 4.173 + 0.0198 × e x p  (  0.998 log  (  0.093  A  D h u m    )   )    * [9]



	HPP
	     Z ˙   H P P   +   C ˙  9  +   C ˙   w , H P P   =   C ˙   11     
	       C ˙   w , H P P       W ˙   H P P     =  c  w , H P P     

    c  H P P   =  c  e l e c     
	  log  (   Z  H P P    (    C E P C  I  2001     C E P C  I  2020      )   )  = 3.3892 + 0.0536 × log  (    W ˙   H P P    )  + 0.1538 ×    (  l o g  (    W ˙   H P P    )   )   2    [25]



	RO permeator
	     Z ˙   R O   +   C ˙   11   =   C ˙   12   +   C ˙   13     
	       C ˙   12         E x  ˙    12     =     C ˙   13         E x  ˙    13       
	   Z  R O   =  (    C E P C  I  2020     C E P C  I  1996      )  ×  N e  × P  C  m , R O    

  P  C  m , R O   = 10 ×  A e    [28]



	ERT
	     Z ˙   E R T   +   C ˙   13   =   C ˙   14   +   C ˙   w , E R T     
	       C ˙   w , E R T       W ˙   E R T     =  c  w , E R T     

       C ˙   13         E x  ˙    13     =     C ˙   14         E x  ˙    14       
	  log  (   Z  E R T    (    C E P C  I  2002     C E P C  I  2020      )   )  = 2.2476 + 1.4956 × log  (    W ˙   E R T    )  − 0.1618 ×    (  l o g  (    W ˙   E R T    )   )   2    [25]







*: The area is in the square foot.
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Table 7. Feasibility study of a hybrid HDH-RO unit versus the RO unit driven by different wind turbine models at various wind speeds.
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Models

	
System

	
    R  R  R O      

	
      m ˙   f w      

     (    m  3  /  h   )     

	
      W ˙   n e t      

     (   k W   )     

	
    S W  C  H D H − R O      

     (   k W h  /   m  3   )     

	
    S W  P  s y s      

     (   k W h  /   m  3   )     

	
     η  e x , t o t      

     ( % )     

	
        E x  ˙    D , t o t      

     (   k W   )     

	
      Z ˙   t o t      

     (  $ /  h   )     

	
    T U C P    

     (   $   G J     )     

	
     c  f w , R O      

     (   $    m  3     )     

	
     c  f w , H D H      

     (   $    m  3     )     






	
    u w  = 7   m / s      (    W ˙   H P P   −   W ˙   E R T   = 0.9   kW  )    




	
E-101/3.5

	
HDH-RO

	
0.666

	
0.423

	
579.3

	
37.83

	
1370

	
19.22

	
2437

	
8.704

	
19.34

	
2.034

	
130.4




	
RO

	
0.666

	
0.3767

	
579.9

	
2.72

	
1540

	
19.22

	
2438

	
4.28

	
16.89

	
0.2246

	
-




	
V-115/4.1

	
HDH-RO

	
0.4012

	
0.5104

	
859

	
45.05

	
1683

	
22.06

	
3037

	
10.23

	
18.42

	
1.418

	
75.95




	
RO

	
0.4012

	
0.4924

	
859.5

	
2.827

	
1746

	
22.06

	
3038

	
5.371

	
16.59

	
0.1525

	
-




	
G-128/4.5

	
HDH-RO

	
0.1288

	
0.4308

	
1385

	
84.09

	
3216

	
21.6

	
5028

	
12.59

	
16.36

	
0.8379

	
41.73




	
RO

	
0.1288

	
0.3562

	
1386

	
7.078

	
3891

	
21.6

	
5030

	
6.922

	
15.1

	
0.09436

	
-




	
GW-136/4.8

	
HDH-RO

	
0.0395

	
0.3104

	
1741

	
145.5

	
5609

	
31.15

	
3848

	
13.63

	
15.34

	
0.6621

	
32.42




	
RO

	
0.0395

	
0.1625

	
1742

	
21.91

	
10,717

	
31.15

	
3850

	
7.458

	
14.28

	
0.07603

	
-




	
Eno-114/4.8

	
HDH-RO

	
0.3416

	
0.5129

	
940.3

	
49.06

	
1833

	
23.35

	
3089

	
11

	
18.53

	
1.327

	
69.6




	
RO

	
0.3416

	
0.4892

	
940.9

	
3.132

	
1923

	
23.35

	
3089

	
6

	
16.78

	
0.1397

	
-




	
AD-116/5

	
HDH-RO

	
0.1812

	
0.4694

	
1241

	
69.66

	
2644

	
30.23

	
2865

	
11.66

	
17.65

	
0.9711

	
48.91




	
RO

	
0.1812

	
0.4155

	
1242

	
5.204

	
2989

	
30.24

	
2866

	
6.196

	
16.25

	
0.1053

	
-




	
    u w  = 8   m / s      (    W ˙   H P P   −   W ˙   E R T   = 1.5   kW  )    




	
E-101/3.5

	
HDH-RO

	
0.691

	
0.6675

	
747.5

	
31.2

	
1120

	
18.05

	
3398

	
8.968

	
18.56

	
1.379

	
89.34




	
RO

	
0.691

	
0.6597

	
748

	
2.567

	
1134

	
18.05

	
3398

	
4.284

	
16.57

	
0.1482

	
-




	
V-115/4.1

	
HDH-RO

	
0.4221

	
0.8426

	
1150

	
36.67

	
1365

	
21.5

	
4204

	
10.69

	
17.15

	
0.9741

	
51.52




	
RO

	
0.4221

	
0.8169

	
1151

	
2.752

	
1409

	
21.49

	
4205

	
5.377

	
15.69

	
0.1143

	
-




	
G-128/4.5

	
HDH-RO

	
0.1581

	
0.7542

	
1842

	
64.01

	
2443

	
20.92

	
6967

	
13.26

	
14.81

	
0.6166

	
30.06




	
RO

	
0.1581

	
0.6524

	
1843

	
5.88

	
2825

	
20.91

	
6970

	
6.937

	
13.78

	
0.07817

	
-




	
GW-136/4.8

	
HDH-RO

	
0.05727

	
0.5686

	
2379

	
108.6

	
4184

	
31

	
5295

	
14.55

	
13.42

	
0.4898

	
23.33




	
RO

	
0.05727

	
0.3581

	
2380

	
15.27

	
6645

	
30.99

	
5299

	
7.483

	
12.55

	
0.06461

	
-




	
Eno-114/4.8

	
HDH-RO

	
0.3682

	
0.8512

	
1252

	
39.46

	
1471

	
22.66

	
4279

	
11.49

	
17.41

	
0.9246

	
47.9




	
RO

	
0.3682

	
0.8178

	
1253

	
2.984

	
1532

	
22.65

	
4280

	
6.007

	
16

	
0.1069

	
-




	
AD-116/5

	
HDH-RO

	
0.1845

	
0.7822

	
1741

	
58.57

	
2226

	
30.89

	
3895

	
12.4

	
15.72

	
0.6658

	
32.7




	
RO

	
0.1845

	
0.6954

	
1741

	
5.129

	
2504

	
30.89

	
3898

	
6.212

	
14.62

	
0.08176

	
-




	
    u w  = 9   m /  s       (    W ˙   H P P   −   W ˙   E R T   = 2.2   kW  )    




	
E-101/3.5

	
HDH-RO

	
0.6868

	
0.9956

	
962.8

	
27.05

	
967.1

	
17.43

	
4567

	
9.317

	
17.51

	
0.9975

	
62.95




	
RO

	
0.6868

	
0.9865

	
963.4

	
2.53

	
976.6

	
17.43

	
4567

	
4.289

	
15.88

	
0.1166

	
-




	
V-115/4.1

	
HDH-RO

	
0.4049
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